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Abstract 
A conducting polymer nanowire-based chemiresistive sensor array was developed for the 
liquid-phase multi-analyte detection. The ability to distinguish and quantify multiple chemical 
species with a single sensory device can be useful in many areas including food industry, 
pollution control, biosensors, and explosives detection. A polyaniline nanowire is a good 
candidate for use as a chemiresistive sensing material due to its large resistivity change and ease 
of synthesis. However the two most important issues in chemiresistive sensors are the 
reproducibility in sensing and the selectivity in chemical species. 
For improving the reproducibility in polyaniline-based chemiresistive sensing, a self-
calibration mechanism was proposed. This method utilizes two unique properties of polyaniline: 
one is the rate of the conductivity decay upon repeated cycling of the electrochemical potential, 
and the other is the position of the second redox potential, both of which are pH-dependent. 
These two properties were minimally affected by the polyaniline’s inherent limitations, i.e. 
hysteresis and degradation, and therefore were effective in obtaining repeatable measurements. 
In order to enhance the selectivity, a catalyst-based selective detection was proposed. This 
method is based on the concept that the catalytic reaction between the species and the catalysts 
causes a local pH change near the polyaniline nanowire network which changes the resistance of 
the polymer. 
Finally, a sensor array consisting of polyaniline nanowire-based chemiresistors with each 
sensing element modified with a unique catalyst was implemented for multi-analyte sensing of 
ascorbic acid, dopamine, and hydrogen peroxide. Principal component algorithm was applied for 
the classification and semi-quantification of the chemical species. 
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1. Introduction 
1.1. Motivation 
Accurate detection and quantification of chemical and biological species are of great 
importance in many areas including health care, environmental monitoring, and recently, defense 
against biological warfare. In addition to being highly sensitive and selective, an effective sensor 
must have a simple and rapid detection method, and be able to perform parallel detection of 
multiple target analyte [1]. Nanomaterial-based sensors seem to be promising in this regard and 
have received great attention in recent years due to many unique properties that nanoscale 
materials offer. The main advantages of nanoscale materials include high surface-to-volume ratio 
leading to fast reaction speed and sensitivity, ease of miniaturization, reduced power 
consumption, and low cost as a result of small volume of required reagents. Therefore, the main 
focus of this thesis is the development of a nanomaterial-based sensor array for simultaneous 
detection of multiple chemical species. 
Chemiresistive sensors, which measure the change in the conductivity or the resistivity of 
the sensing material as a result of its interaction with the chemical species of interest, have the 
benefit of being simple in configuration as well as being easily miniaturized to give high density 
and high throughput sensor arrays. Furthermore, signal processing is also relatively simple since 
only the resistance of the sensing material needs to be measured. 
In chemiresistive sensing, a 1-dimensional nanomaterial-based sensing platform can 
achieve high sensitivity, fast response, massively parallel as well as easy miniaturization in 
sensor development. In particular, nanotubes, nanowires, or nanorods are ideal for this 
configuration for the following reasons [2]: First of all, the small cross-sectional area of the 
nanowires maximizes the current response along the axial direction of the wires creating large 
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conductance change. Secondly, the large surface area of the nanowires improves the sensitivity 
of the nanowire-based sensor by increasing the chance of the target analyte contacting the 
surface of the nanowires. Thirdly, the direct conversion of the chemical change into electrical 
signal greatly simplifies the device configuration. And lastly, the nanoscale of the sensing 
material enables for the development of high density, high throughput, and individually 
addressable sensor arrays for simultaneous multi-analyte detection. Therefore, the primary 
objective of this research is to develop a nanowire-based chemiresistive sensor array for the 
simultaneous multi-species detection.  
Because of the advantages that the 1-dimensional nanowires provide in chemical sensing, 
as outlined earlier, many different types of nanowires have been investigated as chemiresistive 
materials such as carbon nanotubes [3]–[5], silicon nanowires [1], [6], [7], platinum and gold 
nanowires, and metal oxide nanowires [8]. However, there are several difficulties in utilizing 
such nanowires in sensor development. First, the fabrication of these nanowires are complex 
often requiring elevated temperatures in a well-controlled environment [9]. Second, the inability 
to grow these nanowires in a site-specific location has limited its application as a mass 
producible sensing device. Third, these nanowires physically placed on the electrodes require an 
extra processing step in order to reduce any contact resistance which may have adverse effect in 
measuring the conduction current through the wires. Hence, an alternative nanowire material that 
retains the electronic properties of the metal while minimizing or eliminating the disadvantages 
inherent in the metal- and oxide-based nanowires is needed. 
Conducting polymer nanowires (CPNWs) have recently emerged as an attractive alternative 
to metal and semiconducting nanowires as chemiresistive material for their large conductivity 
change, flexibility, and ease of synthesis [10], [11]. Furthermore, the CPNWs can be synthesized 
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site-specifically at the desired location [11]–[15]. Using an electrochemical growth method, the 
CPNWs can be directly synthesized on the surface of a metal electrode of various types, which 
ensures secure contact between the polymer nanowires and the electrode thereby minimizing 
contact resistance. In 1977, the discovery of the first organic polymer, polyacetylene, which 
showed metallic conductivity, has opened up possibilities for the development of a new class of 
materials known as conjugated polymers or conducting polymers [16]. In 2000, the Nobel Prize 
for Chemistry was awarded to the three scientists who discovered polyacetylene (Alan G. 
MacDiarmid, Hideki Shirakawa, and Alan J. Heeger) “for the discovery and development of 
conducting polymers.” Since then, a surge of research effort has been directed toward the 
development, synthesis, and characterization of new types of conducting polymer materials. As a 
result many different kinds of conducting polymers have been discovered and synthesized. Some 
of the most well-known examples of conducting polymers are polyaniline, polypyrrole, 
polythiophene, poly(3,4-ethylenedioxythiophene) (PEDOT). 
Among the existing conducting polymers, polyaniline is one such organic polymer which 
has been known for over 150 years but was not known to possess electrical conductivity until it 
was revisited in the 1980s to discover its electron conducting nature. In addition, polyaniline is 
one of the most widely used conducting polymers due to its environmental stability [17], [18] 
both in air and moisture, reversible redox chemistry, and simple acid/base doping/dedoping 
chemistry. Furthermore, polyaniline is unique among conducting polymers in that it possesses a 
natural tendency to be synthesized in a 1-dimensional nanofiber-like morphology. Therefore, it 
has emerged as an excellent candidate to be used as a material for various nanoscale applications 
particularly in chemical and biological sensors [19]–[21]. Due to its large pH-responsive 
conductivity change by several orders of magnitude, polyaniline nanowire is well-suited as a 
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nanoscale chemiresistive sensing material. Hence, polyaniline was chosen in this work for the 
implementation of a nanowire-based chemiresistive sensor array with multi-analyte detection 
capability. 
1.2. Objectives 
The general objective of this thesis is the development of a polyaniline nanowire-based 
chemiresistor for chemical and biological sensing applications. However, there are several 
inherent limitations associated with polyaniline and a polyaniline-based sensing technology, with 
two main issues among them being: (1) irreproducibility in conductivity measurements and (2) 
the lack of selectivity in chemical sensing. This work attempts to address these two issues by 
suggesting possible solutions. In the following subsections, specific objectives of this research 
are stated. 
1.2.1. Synthesis and Characterization of Polyaniline Nanowires 
The first task is the electrochemical synthesis of the polyaniline nanowires. This involves 
the fabrication of the electrode where the polymer is to be grown as well as setting up the 
electrochemical cell system. A potentiostat circuit that controls the potential of the working 
electrode must be built, and an analog-to-digital converter module is needed for sending input 
voltages to the potentiostat and for measuring the current values for data processing. Once the 
system hardware is setup, a polyaniline nanowires can be synthesized. Scanning electron 
microscopy is also used for the morphology study. 
After the device is fabricated, the current-voltage characterization is to be investigated. 
Since the conductivity of polyaniline is highly dependent on the pH of the environment and the 
redox state of the polymer, by varying both the pH and the electrochemical potential of the 
polymer, the operating region of the device can be defined. Other material properties that require 
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further characterization and investigation include sensor reproducibility, hysteresis, and 
conductivity degradation. 
1.2.2. Self-Calibration of the Polyaniline Nanowire-Based Chemiresistive Sensor 
Polyaniline is known to show degradation and hysteresis in its conduction current, which 
are common issues with most other chemiresistive sensors. The possible causes for conductivity 
degradation and hysteresis are irreversible damage in the chemical structure due to hydrolysis 
and structural deformation as a result of the oxidation and reduction of the polymer, respectively 
[22]. As a consequence, polyaniline-based chemiresistors suffer from the lack of repeatability in 
measurements rendering them unreliable. Therefore, the development of a polyaniline nanowire-
based sensor with reproducible and hysteresis-free conductance measurement is an important 
objective of this research. Here, a novel self-calibration and current measurement scheme is 
proposed in order to obtain a reproducible and low hysteresis conductance measurement even in 
the presence of the degradation and hysteresis phenomena. 
1.2.3. Nanoparticle-Functionalized Polyaniline Nanowires 
One common issue with chemiresistive sensors is the lack of selectivity, and polyaniline-
based chemiresistors, as one might expect, are vulnerable to this limitation. Since polyaniline is 
mostly pH-responsive, selective detection of other chemical species using a polyaniline-based 
chemiresistor is difficult. In order to enhance the selectivity of the polyaniline-based 
chemiresistor, the polymer must be modified so that the conductance of polyaniline changes 
upon interaction with a specific chemical species of interest. Here, a nanoparticle-based catalyst 
approach is proposed which, upon modification of polyaniline nanowires by attaching 
nanoparticles, a catalytic reaction at the surfaces of the nanoparticles will cause a local pH 
change near the polyaniline and subsequently influence the conductivity of the polymeric 
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chemiresistor. Various catalytic nanoparticles are tested to examine whether they respond to 
specific types of target species. Once the nanoparticles demonstrate clear evidence that 
selectivity can be enhanced by the polyaniline-nanoparticle combination, the next step is to 
search and identify the nanoparticles that show the best performance as well as finding the 
corresponding chemical species that respond well to the individual catalyst. 
1.2.4. Development of a Sensor Array for Multi-Analyte Detection Capability 
Once a set of possible catalytic nanoparticles and the corresponding analyte have been 
chosen, an array of polyaniline nanowire-based chemiresistors with each sensing element having 
been modified with different types of catalysts to uniquely respond to specific target analyte can 
be envisioned. Realization of such sensor array allows for a simultaneous detection of multiple 
target species by analyzing the conductance reading from the individual sensing components. An 
array of n x n sensing elements, which generates n
n
 different measurements in parallel, requires a 
data processing algorithm that combines these individual signals to extract information about the 
sample composition. As a demonstration for multi-analyte sensing, a principal component 
analysis method, which is the most common and basic multivariate analysis technique, is applied 
to attempt to classify and quantify each individual analyte in the sample solution. 
1.3. Dissertation Outline 
Chapter 2 gives an overview and background information on polyaniline nanowires, 
discussing in detail the properties, method of synthesis, literature survey, and current limitations. 
Chapter 3 focuses on the fabrication, synthesis, and characterization of a polyaniline nanowire-
based chemiresistive sensor. Chapter 4 discusses the development of a self-calibrating 
mechanism for the polyaniline nanowire-based pH sensor which yields reproducible conductance 
measurement while minimizing hysteresis in the conduction current. Chapter 5 describes the 
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catalyst-based chemical sensing with polyaniline nanowires for the selective detection of target 
species. Chapter 6 deals with the development and the implementation of the polyaniline 
nanowire-based sensor array for simultaneous multi-analyte classification and quantification. 
8 
 
2. Background 
2.1. Introduction 
Prior to the development and implementation of a chemiresistive sensing device based on 
polyaniline nanowires, a comprehensive understanding of polyaniline nanowires including the 
basic properties, method of synthesis, and a literature survey on the latest developments is 
required. In this chapter, the basic chemical structures, redox properties, electronic conduction, 
method of synthesis are described. Then, a literature review on recently reported polyaniline 
nanowire-based chemiresistive sensors is summarized. Finally, current limitations, challenges, 
and future prospect are discussed. The contents of this chapter is taken from the previously 
published review article titled “Conducting polymer nanowire and its applications in 
chemiresistive sensing,” published in 2013 in Nanomaterials [23]. 
2.2. Overview of Polyaniline Nanowires 
Polyaniline is one of the oldest known conducting polymer materials [24] and has been 
extensively reviewed [25]–[29]. It is the most studied conducting polymer closely followed by 
polypyrrole [30]. First discovered in the 19
th
 century, polyaniline was originally known as 
“aniline black” [26], [27]. It was later found to be electrically conductive in nature and many 
researchers began to closely examine the properties of this material. Polyaniline was initially 
grown as thin films but later discovered that, under certain conditions, they can be grown in the 
form of an interweaved nanowire network. It has been reported that polyaniline has an intrinsic 
nature to grow in one dimension [31], which is not the case for other types of conducting 
polymers such as polypyrrole or polythiophene. Its unique ability to easily form 1-dimensional 
nanostructures, including wires, rods, tubes, and ribbons presents many advantages in nanoscale 
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devices [32]. Polyaniline has been studied for use in a wide range of applications including 
chemical sensors, battery electrodes [33], supercapacitors [34], fuel cells [35], display devices 
[36], separation membranes [37] and anticorrosion coatings [38]. 
2.2.1. Chemical Structure and Electrochemical Properties 
 The two factors that influence the chemical structure of polyaniline are the redox state of 
the polymer and the doping level. Polyaniline has three distinguishable redox states, namely the 
fully reduced leucoemeraldine state, the half-oxidized emeraldine state, and the fully oxidized 
pernigraniline state, with virtually an infinite number of possible redox states existing in 
between. Therefore, in principle, polyaniline can exist in a continuum of oxidation and reduction 
states ranging from a completely reduced to a completely oxidized form. A general chemical 
structure of polyaniline is shown in Figure 2.1(a) where the polymer chain consists of two types 
of repeating units, the reduced unit (b) and the oxidized unit (c).  
Figure 2.1. A general chemical structure of polyaniline and its repeating units: (a) a general 
chemical structure of polyaniline; (b) reduced repeating unit, and (c) oxidized repeating unit. 
 
(a) 
  
(b) (c) 
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The degree of oxidation is described by the variable x, whose value is between 0 and 1, that 
represents the fraction of the two repeating units. In other words, leucoemeraldine, emeraldine, 
and pernigraniline refers to the chemical formula where x = 1, 0.5, and 0, respectively. The 
reduced repeating unit contains only the amine nitrogen atoms whereas the oxidized repeating 
unit is made up of only the imine nitrogen atoms. Neutral polyaniline is known as a base whereas 
the protonated polyaniline with positive charges on the backbone structure is called a salt. The 
three different redox states of polyanilines in their base form and the corresponding salts are 
illustrated in Figure 2.2. 
 
Figure 2.2. The three main electrochemical redox states and the corresponding doped forms of 
polyaniline. 
11 
 
The protonation of polyaniline, or more commonly referred to as doping, can occur in two 
ways. One is the addition of protons from the surroundings to the imine nitrogen atoms to form 
positively charged nitrogen atoms through acid treatment. The other is the removal of an electron 
from amine nitrogen to form the same positively charged nitrogen by oxidation of 
leucoemeraldine to emeraldine. Under these two scenarios, the delocalized radical cations are 
formed at the nitrogen sites, and these radical cations can travel along the conjugated backbone 
structure to give its conductive nature [39], [40]. The degree of protonation strongly depends on 
the oxidation state of polyaniline and the pH of the aqueous solution in which the polymer is 
immersed.  
The electrochemical behavior and the redox states of polyaniline are commonly studied 
using a cyclic voltammetry (CV) technique [28], [41], [42]. A typical cyclic voltammogram 
polyaniline is shown in Figure 2.3. The CV curve shows two sets of distinct redox activity as 
indicated by the two pairs of anodic and cathodic current peaks. The first set of redox couple 
(peaks 1 and 1`) is associated with the conversion of the fully reduced leucoemeraldine base to 
the partially oxidized emeraldine, and the second set of redox current peaks (peaks 2 and 2’) 
pertains to the conversion of emeraldine to the fully oxidized pernigraniline form. The potential 
of the first redox couple is largely independent of the pH whereas the potential for the second 
redox couple is strongly dependent on the pH value. This indicates that protons are involved in 
the second redox couple while the first redox couple does not require protons as part of the 
reaction. Another point to note is that polyaniline is more easily oxidized in less acidic solutions, 
and this can be experimentally verified where the peaks 2 and 2’ shift to the left as the pH 
increases. A linear relationship has been observed between the peak height of the redox current 
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and the scan rate in a solution containing aniline and sulfuric acid, which is indicative of an 
electron transfer limited process [43]. 
 
Figure 2.3. A typical cyclic voltammogram of polyaniline in HCl (pH 1) showing two sets of 
redox couples. The direction of potential scan is shown with the arrows. 
Using the CV data, the electrochemistry and the structural formula for polyaniline as it goes 
through the redox process can be interpreted [28], [44]. Since the peak position of the first redox 
process in the CV plot is largely independent of pH, no proton is involved in the reaction. Hence, 
the reduction reaction can be described as the following: 
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However, the peak position of the second redox process is highly dependent upon the pH of the 
solution. The second oxidation peak and its corresponding reduction peak tend to move to more 
negative values at a rate of approximately 120 mV per pH as the pH is increased [28]. Since the 
peak position moves as a function of the proton concentration in the solution, it can be expected 
that protons are involved the reaction as shown below: 
 
The doping mechanism of polyaniline is also unique among other conducting polymers. 
Most conducting polymers undergo a redox doping process during which the number of 
electrons associated with the polymer backbone changes. However, polyaniline can be doped 
through a non-redox process where the number of electrons in the polymer backbone structure 
remains unchanged [45], which makes the doping process simpler. As mentioned earlier, there 
are two different doping mechanisms for polyaniline: one is a non-redox doping process through 
acid treatment, and the other is a redox process by oxidation of leucoemeraldine to emeraldine. 
Upon proton doping, radical cations are formed at the nitrogen atoms and these charge carriers 
are believed to be responsible for the electronic conduction in polyaniline [46]. Hence, the 
majority charge carriers in polyaniline are holes. The next section gives a general description of 
the electrical conduction properties of the polyaniline. 
2.2.2. Electronic Conduction 
Since the delocalized and positively charged free radicals are the main source of conduction 
in polyaniline, it can be expected to show maximum conductivity when the number of radical 
cations in the polymer chains is maximized. This is in agreement with the fact that both 
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leucoemeraldine and pernigraniline, neither of which have free radicals in their backbone 
structure, are completely insulating. Hence, the conduction current versus the electrochemical 
potential relationship shows a bell-shaped curve as illustrated in Figure 2.4.  
  
(a) (b) 
Figure 2.4. Conductance current versus potential of polyaniline in various pH solutions:  
(a) pH range 1–4 and (b) pH range 4–6. I0 indicates maximum current observed. 
The graph also confirms that the most conductive form of polyaniline is the fully 
protonated, half-oxidized emeraldine salt form, and the conductivity decreases as the polymer is 
deprotonated or the oxidation state changes toward either a fully oxidized or a fully reduced 
state. Over-oxidation of polyaniline by applying a potential beyond +0.6 V vs. Ag/AgCl should 
be avoided because it causes the irreversible formation of quinonediimine structures which are 
electrochemically inactive [44], [47], [22]. 
Although a true mechanism of electron transport is still under debate, several theories have 
been proposed to explain the electronic conduction of polyaniline. It is generally accepted that 
polyaniline nanowires consist of pockets of conductive grains embedded in insulating region as 
illustrated in Figure 2.5(a) [48]. Since the conductive grains are separated by an insulating 
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medium, electrons must gain sufficient energy to be able to overcome the insulating barrier and 
‘hop’ into the nearest neighboring conductive grain. Some models also take into consideration 
the electronic conduction through internanotubular contact as illustrated in Figure 2.5(b). 
 
 
(a) (b) 
Figure 2.5. The electronic conduction path of the polyaniline nanowires: (a) internanotubular 
contacts between polyaniline nanowires and (b) conductive granular region encapsulated in the 
insulating region of the nanowire. 
To further elucidate this phenomenon, different models to describe the electron transport in 
polyaniline nanowires have been proposed, including granular-rod model [49], 3-dimensional 
variable range hopping (3D VRH) [50], [51], 1D VRH with interchain coupling [52], Efros-
Schklovskii (E-S) hopping conduction [53], and charging energy limited tunneling (CELT) [54]. 
2.2.3. Synthesis Methods 
The two most common techniques for synthesizing 1-dimensional polyaniline nanowires 
are chemical synthesis and electrochemical polymerization. Although other methods such as 
electrospinning [55], enzyme assisted growth [56], and DNA template-based synthesis [57] exist, 
emphasis is placed on the chemical and the electrochemical methods. The true mechanism of the 
formation of polyaniline nanowires has not been fully elucidated [58]–[60]. However, many 
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reports have suggested the probable growth mechanisms based on their experimental results [26], 
[41], [61], [62]. 
Chemical Synthesis 
The classical chemical synthesis involves the direct oxidation of aniline monomers by 
chemical oxidants [26]. Polyaniline nanofibers can be synthesized by mixing aniline monomers 
with a strong oxidizing agent in an acidic environment [63], [64]. The most commonly used 
oxidant in chemical synthesis is ammonium peroxydisulfate (APS) [65]. Depending on the 
growth condition, the chemical synthesis can yield various shapes and forms of polyaniline 
nanostructures including irregularly shaped agglomerates, granular particles, and elongated 
nanofibers. It has been experimentally observed that, during the early stage of polymerization, 
only 1-dimensional nanofibers were formed due to the homogeneous nucleation of polyaniline 
molecules. However, as further polymerization proceeds, preferential growth on previously 
formed nanowires due to heterogeneous nucleation occurs, resulting in irregularly shaped 
particles. Therefore, suppression of this ‘secondary growth’ that takes place during the later stage 
of polymerization is likely to be the key to growing directional nanowires. 
Two novel synthesis methods that yield highly directional polyaniline nanowires with 
controllable diameters have been suggested: the first method is interfacial polymerization [66], 
[67], and the second method is rapid mixing technique [64], [68]. In the interfacial synthesis 
method, the polyaniline polymerization only occurs at the boundary of two immiscible 
organic/aqueous solutions. The synthesized polyaniline nanowires at the interface of the two 
solutions will migrate into the bulk of the aqueous phase, thereby avoiding further 
polymerization. Figure 2.6 illustrates the early, the intermediate, and the final stages of the 
interfacial polymerization process.  
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(a) (b) (c) 
Figure 2.6. Interfacial polymerization process with 0.32 M of aniline in chloroform (bottom 
layer) interfacing 0.08 M of ammonium peroxydisulfate (top layer): (a) 1 min; (b) 5 mins, and (c) 
10 mins of the reaction time after the reaction started. 
The disadvantage of this technique is that the yield of nanofiber formation is generally too 
low for production in a large scale. To overcome this problem, a rapid mixing technique has been 
suggested. By quickly mixing aniline monomers with an appropriate portion of the oxidant at 
room temperature or higher, one can obtain large quantities of highly directional polyaniline 
nanofibers. The diameter of the nanowires is dependent on the type of acid used in the 
polymerization process. The average diameter of nanowires synthesized with HCl is 
approximately 30 nm while those obtained with camphorsulfonic acid (CSA) are roughly 50 nm, 
and HClO4 yielded an average diameter of 120 nm [66]. 
Since the nanofiber morphology of polyaniline can be intrinsically grown, templates are not 
necessary for 1-dimensional polyaniline synthesis although there have been reports that use 
porous templates for the synthesis of nanowires [69], [70]. 
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Electrochemical Synthesis 
Polyaniline can be synthesized by anodic oxidation of aniline monomers through an inert 
electrode [26]. The electropolymerization of polyaniline nanowires can be categorized into 3 
types: potentiostatic, galvanostatic, and potentiodynamic growth. 
i) Potentiostatic Growth: In the potentiostatic growth method, polyaniline nanowires can be 
formed by applying a constant oxidative potential to the anode of the electrochemical cell, which 
causes a polymerization of aniline on the surface of the anode. Polyaniline can be grown on a 
variety of metallic surfaces including platinum, gold, stainless steel [71], iron, copper, zinc, 
indium tin oxide (ITO), graphite, and glassy carbon among many others [27]. The electrolyte 
solution is generally a mixture of a strong acid (such as 1 M H2SO4, HCl, or HClO4) and aniline 
monomer with a concentration in the neighborhood of 0.05 M [71]. The potential under which 
polyaniline nanowires can be grown is between 0.7 V and 0.8 V vs. Ag/AgCl [71]. The oxidation 
of the aniline monomers occurs at around 0.7 V. These oxidized species are thought to be in 
radical forms that quickly become p-aminodiphenylamine dimer. The formed dimers are much 
more easily oxidized than aniline monomers (around 0.2 V), and can be further oxidized to form 
longer chains of polyaniline. Therefore, once these dimers are formed, polymerization of aniline 
can proceed even at potentials lower than 0.7 V vs. Ag/AgCl as long as the electrode surface is 
preliminarily covered with small amounts of polyaniline [72]. A typical polyaniline nanowires 
grown under the potentiostatic method are shown in Figure 2.7. 
ii) Galvanostatic Growth: Galvanostatic growth is a method of electrochemical polymerization 
where the current flow in the working electrode is maintained to a constant value. A well-
established low current polymerization technique involves a three step galvanostatic growth 
method [73]. In the first step, the current density is fixed to 0.08 mA/cm
2
 for 0.5 h, which 
19 
 
generates particles to act as nucleation sites for growing extended polymer nanostructures. Next 
in the second step, the current density is reduced to 0.04 mA/cm
2
 for 3 h and continued 
polymerization occurs at a slower growth rate. Finally in the third step, the current density is 
further reduced to 0.02 mA/cm
2
 for 3 h, which continues to elongate the nanostructures into 
wires. Typical diameters of these nanowires are 50 to 70 nm with approximately 0.8 μm in 
length. For producing longer nanowires, higher current density that promotes a faster growth rate 
is required. Further, galvanostatically grown polyaniline promotes the formation of quinoid 
structures. This leads to the final production of p-benzoquinone, which prevents further growth 
of the polymer [74], [75]. 
  
(a) (b) 
Figure 2.7. SEM images of the electrochemically synthesized polyaniline nanowires at the 
magnification of: (a) 15,000× and (b) 3,000×. Scale bars are 2 μm in (a) and 10 μm in (b). 
iii) Potentiodynamic Growth: Potentiodynamic growth involves scanning the potential of the 
anodic working electrode linearly from initial to final value in a forward and reverse direction 
with respect to the reference electrode repeatedly until the desired amount of polymer has been 
deposited [76], [77]. A sweeping voltage technique for the production of polyaniline is useful for 
elucidating basic aspects of the polymer growth and the redox mechanism [43]. It has been 
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reported that continuously cycling the potential of the working electrode produces a more 
uniformly deposited polyaniline film compared to that formed at constant potential and promotes 
better adhesion to the electrode surface [78]. 
Among the three aforementioned electrochemical methods, the potentiostatic growth 
promotes the fastest polymerization rate while the galvanostatic growth limits this rate to a fixed 
value. For the potentiodynamic growth, the rate of polymerization continuously changes. Since a 
fast growth rate is required to produce extended one dimensional nanowire structures, the 
potentiostatic growth is the preferred method for the nanowire synthesis.  
2.2.4. Chemical Synthesis vs. Electrochemical Synthesis 
Chemical synthesis method has the benefit of being able to produce large amounts of 
polyaniline nanowires with relatively simple setting. However, in terms of sensor fabrication, 
this method requires extra processing steps including the washing of the nanowires to remove 
strong oxidants such as APS, and drop-casting of nanowires on the electrode surface to 
implement a chemiresistor. Moreover, physically placing nanowires on the electrode does not 
guarantee a secure contact between the two materials, and may lead to large contact resistance. 
Therefore, the electrochemical synthesis is a preferred method for sensor applications two the 
following two reasons. First, electrochemical growth method allows for the direct synthesis of 
polyaniline nanowires on the surface of the electrode, which ensures a good electrical contact 
between the nanowires and the metal electrode. Second, since polyaniline grows on the surface 
of the electrode, the site-specific growth of the polymer nanowires can be obtained at the desired 
location.  
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2.3. Polyaniline Nanowire-Based Chemiresistive Sensors 
Due to the unique electronic conduction properties as well as simple nanowire synthesis as 
described in section 2.2, polyaniline nanowires have attracted much interest in the research 
community as potential chemiresistive sensors. Therefore, this section focuses on the literature 
review of the reported polyaniline nanowire-based chemiresistors. Although polyaniline 
nanowires have been applied in different types of electrochemical sensors including 
potentiometric, amperometric, and voltammetric sensors, the conductometric sensing is the only 
transducing mechanism that truly takes advantage of the tunable conductivity property of 
polyaniline nanowires. A conductometric sensor measures the change in the resistance or the 
conductance of the sensing material as a detection mechanism. A chemiresistor is one such 
example of conductometric sensors that changes its resistance through the interaction with the 
target species. 
2.3.1. Gas Sensors 
Due to its tunable conductivity and large surface area, polyaniline nanowires have found 
applications in chemiresistive sensors, especially in gas sensing. The importance of a reliable and 
accurate gas monitoring system is well understood not only from safety but also from 
environmental standpoint. Most commercially available gas sensors are based on metal oxide 
semiconducting materials (such as tin oxide) operating at high temperature to increase 
sensitivity. The use of conducting polymers as an alternative to inorganic semiconducting 
materials for the gas sensitive layer offers many advantages such as, low cost, ease of synthesis, 
tunable conductivity, fast response due to porosity of the material [79], and high sensitivity at 
room temperature. Huang et al. have developed a gas sensor based on chemically synthesized 
polyaniline nanofibers and studied its response to 100 ppm of HCl and NH3 vapor [67], [80]. 
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Upon exposure to HCl vapor, the resistance of the polyaniline nanofibers reduced through the 
doping process, and an exposure to NH3 had a dedoping effect that increased the resistance of the 
polymer. They also demonstrated that the nanofiber-based sensor responded much faster than the 
conventional film to both doping and dedoping due to the highly porous morphology of the 
nanofiber layer with small diameter of the fibers resulting in faster diffusion of gas molecules. 
Similar work was done in [12] where a polyaniline nanowire framework was formed to bridge 
the electrode junctions which acted as a resistive sensor, and its responses to HCl, NH3, and 
ethanol vapors were demonstrated. Polyaniline chemiresistor has also been utilized for 
developing hydrogen gas sensors [10], [81] as well as humidity sensors [82], [83]. Combining 
polyaniline nanowires with other nanomaterials such as carbon nanotubes [84], gold 
nanoparticles [85] to form composite layer has shown to improve the sensitivity as well as the 
carrier mobility of the gas sensors.  
2.3.2. Biosensors 
The development of biosensors has emerged as a topic of great importance due to their 
applications in clinical diagnostics, environmental monitoring, food safety, and defense against 
biological warfare. An affinity-based molecule recognition method which uses the specific 
interactions of biomolecules such as antibodies to antigen binding, DNA hybridization, enzyme 
catalysis, is the most common method to ensure high specificity and selectivity of a biosensor. 
One of the earliest biosensors was developed by Clark and Lyons [86] who used glucose oxidase 
immobilized on a semi-permeable membrane, and glucose was monitored by measuring the 
oxygen consumed by the enzyme catalytic reaction. A glucose sensor is one of the most 
commercially successful electrochemical biosensors existing today. Most glucose sensors 
employ an amperometric measuring technique [87], however, this technology has major 
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limitations if the sensor is to be made smaller or if lower concentrations of analyte are to be 
measured. One of the strategies to overcome this limitation was the use of microelectrochemical 
transistors [88]. These devices make use of conductive polymers whose conductivity changes by 
several orders magnitude upon oxidation or reduction [89], [90]. This property of conducting 
polymers can be used to amplify signals transduced by electrochemical reactions. Therefore, 
polyaniline is an excellent candidate for biosensor applications in this regard [19], [20], [91]. 
This idea has been realized as a glucose sensor by attaching or embedding enzymes such as 
glucose oxidase to the polyaniline film [92]–[94]. Forzani et al. have developed a nanoscale 
glucose sensor by bridging a 20-60 nm electrode gap with polyaniline [95]. Pal et al. have used 
polyaniline nanowires as a direct charge transfer (DCT) electrical transducer for the detection of 
foodborne pathogen, Bacillus cereus [96]. In this method, polyaniline nanowires are attached to 
each antibodies and when these modified antibodies bind to antigen to form a sandwich complex 
via lateral flow immunoassay method, the nanowires form a bridge between two open electrodes 
to give resistive measurements [96]–[99]. Forzani et al. have developed a hybrid amperometric 
and conductometric chemFET-based sensor that can detect neurotransmitter dopamine even in 
the presence of ascorbic acid, an interference, whose concentration can be much higher than the 
analyte itself [100]. Polyaniline nanowires were also used for the detection of microRNAs [101]–
[103], urea [104], [105], E. coli [106], and H2O2 [107]. The summary of polyaniline nanowire-
based chemiresistive sensors and biosensors are shown in Table 2.1. 
2.4. Current Limitations of Polyaniline-Based Sensors 
As illustrated so far in this section, polyaniline nanowires offer many advantages both from 
the fabrication perspective and from the material characteristics standpoint, and therefore show 
great potential to be utilized as a nanoscale high density chemiresistive sensor array. However, a 
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Table 2.1. Summary of chemical and biological sensors based on polyaniline nanowires and their derivatives. 
Sensor Type Sensing Material 
Diameter 
(nm) 
Analyte 
Detection 
Limit (LOD) 
Response 
Time 
References 
Surface acoustic wave Polyaniline/In2O3 90 H2, NO2, CO ~ 2 ppm ~ 30 s [107] 
Surface acoustic wave Polyaniline 30–50 H2 0.06% ~ 100 s [108,109] 
Amperometric Polyaniline 60–80 nitrite 5 × 10−8 M ~ 5 s [110] 
Amperometric 
Polyaniline/Au 
nanoparticles 
30–50 glucose 5 × 10−7 M ~ 5 s [111] 
Chemiresistive Polyaniline/CSA ~100 H2 <1% - [15] 
Chemiresistive Polyaniline 40–80 NH3, HCl, EtOH ~0.5 ppm ~100 s [17] 
Chemiresistive 
Polyaniline/Au 
nanoparticles 
80 H2S, CH3SH ~1 ppm ~20 s [101] 
Chemiresistive Polyaniline 30–40 CO ~1 ppm ~100 s [100] 
Chemiresistive Polyaniline 335 NH3 0.5 ppm ~75 s [99] 
Chemiresistive Polyaniline 30–120 
HCl, NH3, N2H4, 
CHCl3, CH3OH 
100 ppm 2~200 s [3] 
Chemiresistive SWCNT/Polyaniline 15 NO2, H2S 500 ppb ~10 min [104] 
Chemiresistive Graphene/Polyaniline 25–50 H2 - ~1 min [105] 
Chemiresistive 
Polyaniline/Au 
nanoparticles 
250–320 H2S 0.1 ppb <2 min [106] 
Chemiresistive polyaniline 100 humidity - ~1 min [102] 
Chemiresistive Polyaniline/PVB/PEO 100 humidity - ~50 s [103] 
Target-guided formation 
method 
Polyaniline - microRNA 5 fM 30–60 min [94] 
Labeled direct charge 
transfer 
polyaniline ~200 Bacillus cereus ~10 CFU/ml - [112] 
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few drawbacks and challenges that polyaniline nanowire-based chemiresistors are facing prevent 
them from becoming an effective chemical sensor. The three main challenges concerning 
polyaniline nanowires for application in chemiresistive sensor are: (1) the loss of conductivity in 
neutral pH; (2) polymer degradation and hysteresis, and (3) the lack of selectivity in chemical 
sensing. 
Since polyaniline requires a large amount of protons attached to the polymer to be 
electrically conducting, it is a very poor conductor when the pH is greater than 5, which 
significantly limits its application. This is especially critical for biosensors where most 
enzymatic and cellular activities are pH sensitive, and those biomolecules function properly in 
neutral pH environment, typically between pH 6 and 8. Therefore, preventing the loss of protons 
bound to polyaniline structure in neutral pH solutions is the key to maintaining conductivity in 
such environment. There have been attempts to achieve this by attaching negatively charged 
anions to the polymer, which attracts positively charged protons to the polymer. MacDiarmid 
and Epstein have developed a ‘self-doped’ polyaniline which contains negatively charged 
sufonate groups covalently bound to the aromatic rings of polyaniline [108]–[110]. Such self-
doped polyaniline can also be synthesized by electro-copolymerization of aniline with its ring-
substituted derivatives such as aminobenzene sulfonate [111], [112]. Another method to achieve 
increased conductivity at neutral pH is the polymerization of aniline with large molecular weight 
organic acids. In this case, large molecular sized anions are trapped within the polyaniline 
matrix, thereby maintaining polymer’s electronegativity in order to attract protons. 
Camphorsulfonic acid (CSA) [113]–[115] and dodecylbenzenesulfonic acid (DBSA) [116], [117] 
have been reported to be the most effective organic acids used for this purpose. Furthermore, the 
use of such organic acids enhances the solubility of the polymer and improves solution 
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processibility. Another approach is the use of polyelectrolytes as substitutes for organic acids, 
such as polyacrylic acid (PAA) [118], [119] and polystyrene sulfonate (PSS) [120], [121]. The 
aforementioned techniques have extended the polyaniline’s electroactivity to the neutral pH 
environment, however its conductivity has only slightly improved. Further improvements on the 
conductivity in physiological pH are required in order to develop an effective biosensor. 
Exposing polyaniline to elevated pH solutions such as pH 5 or higher causes an irreversible 
conductivity degradation to the polymer [122]. Some of the possible causes for this conductivity 
degradation are structural damage due to mechanical stretching or twisting of the polymer chain 
caused by electrostatic charge of the dopant, loss of anions to counterbalance the positive charge 
gained by proton adsorption [123], and the production of quinone-hydroquinone couples [53,81] 
that cleave the polymer chain structure.  Therefore, minimizing the conductivity degradation is 
crucial in developing a repeatable and stable polyaniline-based sensor, which needs to be solved. 
The conductivity of polyaniline is known to possess hysteresis, which is illustrated in the 
current versus potential sweep characteristics plots [90], [95], [126], [127] where the current 
response to the potential sweep in the positive direction is different from that to the reverse 
sweep of the potential. This existence of hysteresis is more closely related to the level of doping 
rather than the electrochemical potential or the pH of the polymer [128] and this apparent 
hysteresis or “memory effect” has been attributed to structural relaxations [129] caused by the 
change in the redox state of the polymer. Hence, a sensor calibration step is required to eliminate 
hysteresis in conductance measurements. A simple way to calibrate the sensor is to deprotonate 
the polymer in strong base solutions. However, this method is cumbersome and can also 
accelerate the conductivity degradation process. Therefore, a convenient and reliable self-
calibration method is needed for the development of a hysteresis-free polyaniline-based sensor. 
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2.5.  Conclusions 
In this chapter, the basic principles and properties of polyaniline nanowires and its 
applications in chemiresistive sensing have been reviewed. The conductivity of polyaniline can 
change by a few orders of magnitude by varying its electrochemical potential and the solution 
pH. This unique property allows polyaniline nanowires to be utilized in nanoscale chemiresistive 
sensors. Moreover, the large surface area of the polyaniline nanowire network makes this a well-
suited material for high sensitivity and fast responding gas sensors and biosensors. 
Electrochemically polymerized polyaniline nanowires have the advantages of being able to 
minimize the contact resistance and at the same time, site-specifically fabricate the nanowires. 
However, some of the major challenges regarding polyaniline nanowires include, but are not 
limited to, improving the conductivity in the physiological pH range, preventing or minimizing 
the conductivity degradation and hysteresis, and adding selectivity in chemical detection.  
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3. Synthesis and Characterization of a Polyaniline Nanowires 
3.1.  Introduction 
As a first step toward achieving the final objective of developing a polyaniline nanowire-
based chemiresistive sensor array, a single chemiresistor device is implemented which will serve 
as a prototype device for characterizing the polyaniline nanowire chemiresistor. The purpose of 
this chapter is to describe the design and fabrication of the electrodes, to illustrate the 
experimental setup and methods, and to present the results and the analysis of the synthesized 
polyaniline nanowires and the conduction current measurements obtained from the fabricated 
device. Since the conductance of the polyaniline-based chemiresistor depends on several factors 
such as the redox state, the solution pH, the amount of polymer synthesized, and the extent of 
polymer degradation, the device must be fully characterized in order to understand the device 
condition. In addition, a thorough conduction current measurement study is performed in order to 
elucidate the degradation and hysteresis problem inherent in the conductivity of the polyaniline 
nanowires.  
3.2.  Electrochemical Synthesis of Polyaniline Nanowires 
In this section, the design and fabrication of the device, the experimental setup, and the 
procedure for the electrochemical synthesis of polyaniline nanowires are presented. The 
electrochemical polymerization technique rather than the chemical synthesis method is chosen 
for the nanowire synthesis since the electrochemical method has the advantages of site-specific 
growth, low contact resistance, and being able to directly use the device for sensing after the 
synthesis without any post-processing steps as described in 2.2.4. 
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3.2.1. Electrode Design 
Figure 3.1 illustrates the schematic diagram of the polyaniline nanowire-based 
chemiresistive sensor. 
 
Figure 3.1. Schematic diagram of a chemiresistive sensor. The two working electrodes are 
connected via the growth of polyaniline nanowire network. 
The device requires four individual electrodes: a reference electrode (RE), a counter 
electrode (CE), and two separate working electrodes (WE1 and WE2). A polyaniline nanowire 
network is formed at both working electrodes so that a ‘conductive bridge’ is established across 
the two working electrodes, which enables the measurement of the resistive current through the 
polymer bridge. The gap between WE1 and WE2 is made narrow to facilitate the bridging of the 
two electrodes through the polyaniline nanowire network. A reference electrode is required to 
control the electrochemical potential of the working electrodes, and controls the redox state of 
the polyaniline grown on the surface of both WE1 and WE2. A silver/silver chloride (Ag/AgCl) 
electrode is used as a reference since Ag/AgCl can easily be miniaturized and contains no liquid 
component unlike other reference electrodes such as a saturated calomel electrode. A large 
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current flow through the reference electrode can have a detrimental effect and can alter the 
reference potential. Therefore, in order to minimize the current flowing through the RE, an 
auxiliary electrode, also known as counter electrode is implemented where most of the current 
generated by the electrochemical reaction at the working electrodes will flow through the CE 
rather than the RE.  
The electrode design patterned on a glass substrate is illustrated in Figure 3.2(a). The device 
shows a 5 µm-gap between the two working electrodes as shown in Figure 3.2(b).  
 
(a) (b) 
Figure 3.2. The electrode design for the chemiresistive sensor showing the reference electrode, 
the counter electrode, and the two working electrodes: (a) electrode design showing Ti/Au (10 
nm/50 nm) layer on a glass slide and (b) magnified image of the sensing area (the circled area 
from part (a)) with 5 µm gap between the working electrodes. Scale bar is 500 µm. 
The electrodes were fabricated using a standard photolithography and a metal etching 
process. First, titanium (Ti) and gold (Au) layers with thicknesses of 10 nm and 50 nm, 
respectively, were deposited on a clean 1” x 3” glass slide (cleaned with tetrachloroethylene) 
using electron beam evaporation. The purpose of titanium is to promote adhesion between gold 
and the glass slide. Next, a positive photoresist (Shipley S1805, AZ Electronic Materials, 
Luxembourg) was coated by spin-casting at 2,000 rpm on the Ti/Au deposited glass then baked 
31 
 
at 115 °C for 1 minute. After baking, the photoresist layer was partially exposed to a ultraviolet 
(UV) light (365 nm wavelength) through a patterned bright field photomask (Telic Company, 
Valencia, CA, USA) with a dose of approximately 30 mJ/cm
2
. The exposed part of the 
photoresist layer was removed by dissolving in a developing solution, Microposit 351 developer 
(Shipley, AZ Electronic Materials, Luxembourg) diluted in deionized water at 1:4 ratio. 
Afterward, gold and titanium layers were subsequently etched in a potassium iodide-based gold 
etchant diluted in deionized water at 1:10 ratio, and 1% hydrofluoric acid in deionized water, 
respectively. Finally, the masking photoresist layer was removed by an acetone, methanol, and 
deionized water treatment, in that order. 
The working electrodes are partially covered with a thin layer of passivation coating to 
ensure that polymerization of nanowires only occurs on the designated area. Without this 
passivation layer, polyaniline nanowires will be polymerized on the entire surface of the working 
electrode as long as the electrode is in physical contact with the aniline monomer solution during 
the synthesis process. However, only the square area with the dimension 500 µm × 500 µm 
where the working electrode gap is located is the desired location for the polymer growth. The 
areas that are not covered by the resist layer are the square area at the electrode gap 
(chemiresistive sensing area), the reference electrode area and the counter electrode. Figure 3.3. 
shows the area on the electrode not coated with the protective layer. A photoresist (Shipley 
S1827) was used as a passivation layer to physically separate the unwanted areas of the 
electrodes from contacting the monomer solution.  After patterning the passivation layer, the 
device was hard baked at 180 °C at least 30 minutes to stabilize the coating. 
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Figure 3.3. Passivation of the electrode surface. The areas not protected by the passivation 
coating are the Ag/AgCl reference electrode area and the polymer growth area indicated with red 
squares.  The dimension of each square is 500 µm × 500 µm. 
3.2.2. Electrochemical Setup 
The fabricated device was partially immersed in a 10 ml solution containing the aniline 
monomers dissolved in acidic solution. If an on-chip reference electrode is desired, a silver and 
silver chloride layer can be deposited onto the gold electrode using an electrodeposition method. 
However a separate conventional Ag/AgCl reference electrode was also used during the material 
characterization for convenience. Figure 3.4 shows the electrochemical cell comprising the 
device, the precursor solution containing aniline, and a conventional reference electrode. The 
potentials of the working electrodes were controlled with a simple potentiostat circuit. The input 
voltage to the potentiostat was supplied by a LabView module. 
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Figure 3.4. The electrochemical cell during the electropolymerization of polyaniline nanowires. 
The electrodes of the device are partially immersed in a precursor solution containing aniline 
monomers. A conventional Ag/AgCl reference electrode is often used for polyaniline synthesis 
and characterization. 
3.2.3. Polymer Synthesis Process 
The processing conditions for the polyaniline nanowire synthesis were adopted from [71] 
which uses a potentiostatic growth method. A 10 ml of precursor solution which contains 0.05 M 
of aniline completely dissolved in 1 M H2SO4 is typically used for the polymer synthesis. After 
setting up the electrochemical cell, the potential of the working electrodes were fixed at +0.8 V 
vs. Ag/AgCl. Since the electrochemical process is an oxidative polymerization, the anodic 
current is generated at the working electrode. As the polymerization step progresses, the anodic 
current continues to rise. The volume of the synthesized polyaniline nanowire network was 
estimated by monitoring a total charge that has passed through the working electrodes 
throughout the process. After the desired amount of the polyaniline material has grown, the 
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electrodes were removed from the solution and the potentiostat was disconnected. Then, the 
polyaniline-grown area was gently rinsed in deionized water to remove unbound aniline 
monomers and residues. A typical oxidative current generated from the potentiostatic 
polymerization of polyaniline is shown in Figure 3.5(a). For calculating the total charge 
accumulated from the electropolymerization, the oxidative current is integrated over time to 
obtain the plot in Figure 3.5(b). 
  
(a) (b) 
Figure 3.5. A typical electrochemical current generated from the oxidative polymerization of 
polyaniline: (a) anodic current generated at the working electrodes and (b) the accumulated total 
charge. 
The current vs. time relationship in Figure 3.5(a) indicates that the rate of polymerization is 
increasing over time. As the synthesis of polyaniline nanostructures continues on the electrode 
surface, the rate of polymerization increases due to the increased surface area of the polyaniline 
nanowires, which facilitates faster oxidation rate of the precursors in the solution. This 
increasing oxidative current eventually reaches a plateau as the rate of polymerization 
approaches the mass transfer limited electron transfer at the working electrodes. Figure 3.6 
shows a microscope image of the synthesized polyaniline nanowire network that connects the 
two working electrodes. 
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Figure 3.6. Image of the synthesized polyaniline layer for connecting the two working electrodes 
for the development of a chemiresistive sensing device. Scale bar is 500 µm. 
3.3.  Morphology Characterization of Polyaniline Nanowires 
A typical scanning electron microscopy (SEM) images of the electrochemically synthesized 
polyaniline nanowires are shown in Figure 3.7. The average diameter of the nanowires is 
approximately 100 – 150 nm. 
  
(a) (b) 
Figure 3.7. SEM images of the electrochemically synthesized polyaniline nanowires. Scale bars 
are (a) 5 μm and (b) 1 μm. 
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The figure also shows areas not covered by the nanowire network, possibly due to the lack 
of aniline precursors available to initiate nanowire growth. However, small gains can be 
observed on such areas which are known to be the nucleation sites for the polyaniline [73], [130]. 
Figure 3.8 shows a set of SEM images of the polyaniline nanowires that were taken after 5 
(0.07 mC), 10 (0.3 mC), 15 (0.8 mC), and 22 minutes (1 mC) of synthesis time with the total 
charge passed up to that point indicated in the parentheses.  
  
(a) (b) 
  
(c) (d) 
Figure 3.8. SEM images of polyaniline nanowires at various stages of the polymerization 
showing images taken after: (a) 5 mins (0.07 mC); (b) 10 mins (0.3 mC); (c) 15 mins (0.8 mC), 
and (d) 22 mins (1 mC) of reaction time. Scale bars are 5 µm. 
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As shown in Figure 3.8(a), nanowires have not been formed at the early stage of the 
polymerization, however small granular structures with approximate diameters of tens of 
nanometers are formed on the electrode surface. The granular structures are believed to be the 
nucleation sites for the growth of polyaniline nanowires. As the polymerization progresses the 
nucleation sites are further extended and aggregated together to form longer nanostructures. 
Figure 3.8(a) and 3.8(b) show the initial formations of such nanostructures. Further 
polymerization creates well-defined nanowires that are randomly grown to form an 
interconnected network as illustrated in Figure 3.8(c). Figure 3.8(d) shows a more densely filled 
but highly porous nanowire structures. 
3.4. Chemiresistive pH Sensor 
For measuring the conductance or the resistance of the polyaniline nanowire network grown 
between the two working electrodes, a small differential voltage VD is applied to induce a flow 
of conduction current through the polyaniline nanowires. For simplicity, the conduction current 
instead of conductance or resistance is used as a sensing signal. As illustrated in Figure 3.1, a 
current meter can be connected to one of the working electrodes to measure the conduction 
current in polyaniline nanowires. For actual measurement during the experiment, a simple 
operational amplifier based on a field effect transistor (LF 353, Fairchild Semiconductor, San 
Jose, CA, USA), with a feedback resistor connected between the output and the negative input of 
the amplifier was constructed for current measurement.  
3.4.1. Conduction Current vs. Bias Potential Characteristics 
Since the redox state of polyaniline is determined by the electrochemical bias potential VB 
as defined in Figure 3.1, the conductivity of polyaniline nanowires is strongly dependent on VB. 
For characterizing the relationship between the conduction current (IC) and bias potential, VB 
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was linearly scanned from a negative to a positive potential so that the polyaniline can undergo a 
redox transformation from the fully reduced leucoemeraldine to the fully oxidized pernigraniline 
state. Figure 3.9 below shows the conduction current response of the chemiresistive device as the 
potential is scanned over a wide range of bias potentials. 
 
Figure 3.9. Conduction current vs. potential relationship of the polyaniline nanowire-based 
chemiresistor. The polyaniline nanowire network was synthesized until a total oxidative charge 
of 1 mC was passed. VD was set to 20 mV. VB was scanned at a rate of 20 mV/s from a negative 
to a positive potential. 
The plot shows a bell-shaped conduction current response for a given pH, which is the 
result of the redox transformation of polyaniline from the fully reduced state (VB = -0.2 V) to the 
fully oxidized state. The potential at which the conduction current starts to rise (the left end of 
the bell-shaped curve) is similar for all pH values, at approximately +0.1 V. However, the 
potential at which the polymer becomes fully oxidized (the right end of the bell-shaped curve) 
varies with pH. This can be explained by observing the cyclic voltammetry curve of polyaniline 
which shows that the position of the second redox couple (peaks 2 and 2’ in Figure 2.3) shifts to 
the left as the pH increases. Furthermore, the maximum current increases as the solution become 
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more acidic which further corroborates that increased proton doping enhances the electronic 
conduction in polyaniline. 
3.4.2. Hysteresis Analysis 
The conductivity of polyaniline is known to exhibit a hysteresis effect, which is evident 
from the conduction current vs. bias potential sweep characteristics [90], [95], [126], [127] 
showing that, for a fixed pH, the IC response to the VB sweep in the positive direction is different 
from that to the reverse sweep of the bias potential. To demonstrate the hysteresis phenomenon 
of the polyaniline-based chemiresistive sensor, the developed device was tested under the 
cycling of VB both in the forward and the reverse direction at a scan rate of 20 mV/s with a 
differential voltage of VD = 20 mV in a given pH solution. The conduction current response was 
plotted against VB in Figure 3.10. The graphs indicate that polyaniline has a ‘memory effect’ 
where its conductivity is influenced by the previous redox state. The existence of hysteresis is 
closely related to having a different level of doping at a given electrochemical potential of the 
polymer [128], which has been attributed to conformational changes caused by Coulombic 
repulsions [90], [129], [131]. As the polymer undergoes a change in redox state, the polymer 
experiences stretching and relaxation in the structure due to the charge of the dopant anions 
residing in the polymer. Therefore the direction of the potential scan plays an important role in 
applying a different mechanical stress to the polymer structure. Hence, it follows that, in order to 
obtain a hysteresis-free reading of the conduction current of polyaniline, one must initialize or 
reset the doping level of the polyaniline prior to each measurement such that the device would 
yield a reliable current reading. 
40 
 
  
(a) (b) 
  
(c) (d) 
Figure 3.10. Hysteresis in the conduction current of polyaniline nanowire-based chemiresistor: 
the IC responses to the VB sweep in (a) pH 1, (b) pH 2, (c) pH 3, and (d) pH 4. The forward and 
reverse directions of VB sweep are indicated by the arrows. 
One possible method to reset the device is to completely deprotonate the polymer by rinsing 
the device with a base solution to turn the polymer into emeraldine base form. However, this 
method is not only cumbersome and tedious, but also can accelerate the degradation of the 
polymer. Hence, a device resetting mechanism that will calibrate the doping level of polyaniline 
chemiresistor to yield hysteresis-free current measurement is needed in order to develop a 
reliable polyaniline-based chemiresistive sensor. 
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3.4.3. Repeatability Analysis 
It is essential that the conduction current measurements give repeatable results in order to 
develop a reliable and reusable chemiresistor based on polyaniline nanowires. Therefore, the 
repeatability of IC measurements of the synthesized polyaniline material is characterized. The 
repeatability of the device was tested by repeatedly sweeping the bias potential of the polymer 
from VO to VR in the forward direction only, since the IC measurements of the forward potential 
sweep is different from the reverse sweep as have been pointed out in the previous section. Once 
the potential reaches the maximum positive value (VR), it was immediately returned to the initial 
reducing potential (VO) and the same potential sweep cycle is repeated. Figure 3.11 shows the 
current response to five cycles of the potential scanning for the polyaniline-based chemiresistor 
when it was immersed in various pH buffer solutions ranging from pH 1 to 6. For pH values 
from 1 to 3, the current response to the potential sweep is repeatable for a number of cycles. 
However when the pH is greater than 4, the peak current decay was observed. The lack of 
reproducible IC plots in high pH solutions in terms of the peak current reduction over a number 
of potential scan cycles may be attributed to the low concentration of protons in the solution. 
When VB is held at a sufficiently negative potential, for example at -0.2 V vs. Ag/AgCl, 
polyaniline is fully reduced to leucoemeraldine form where almost all nitrogen atoms in the 
polymer chain becomes an amine nitrogen by forming covalent bonds with hydrogen atoms. It 
can be expected that these hydrogen atoms are being supplied by the bulk solution in the form of 
protons. Such protonation of the nitrogen sites in the polyaniline backbone is fast in strong acids, 
especially when the pH is 3 or less, due to the shear abundance of protons available in the 
solution for binding. However, in weak acids, the conversion of the polymer to leucoemeraldine  
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Figure 3.11. Repeatability test for conduction current response vs. potential sweep over a number 
of cycles in a buffer solution ranging from pH 1 to 6. 
will be more difficult due to the scarcity of protons. Hence, longer time will be required to fully 
reduce the polyaniline at VR. Furthermore, longer diffusion length of protons from the bulk 
solution into the polyaniline will be involved contributing to the slower reduction time. When the 
potential increases to a more positive value, the hydrogen atoms that are covalently bound to the 
nitrogen atoms lose electrons (one electron for every two nitrogen sites [28], [44]) to generate 
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radical cations responsible for the electrical conduction of the polyaniline. As the polyaniline is 
further oxidized at higher potentials i.e. at VO, by losing another electron for every two nitrogen 
atoms, the protons are separated from the polymer backbone and liberated into the surroundings. 
If VB is immediately returned to VR to begin the second cycle of the potential sweep, some of the 
protons that are released from the polymer during the oxidation process of the first cycle will be 
recaptured during the reduction process in the second cycle. The rate of proton recovery between 
the two consecutive sweep cycles is close to unity at strong acids. However, in weak acids, not 
all protons that were initially bound to the polymer can be recovered in the subsequent cycles 
due to limitations associated with proton loss into the bulk solution. Hence, the rate of proton 
recovery in high pH solution is relatively low. This explains the decrease in the peak current for 
repeated cycling of potentials in solutions with pH values greater or equal to 4. 
 
3.4.4. Degradation 
As one of the major drawbacks of polyaniline, the conductivity of polyaniline nanowires is 
prone to degradation due to the aging effect of the polymer [132]. The degradation is related to 
the shortening of the conjugated polymer chain as a result of various irreversible damages to the 
polymer. For degradation analysis, the same potential sweep test performed in section 3.4.3 was 
carried out a multiple number of times. Figure 3.12 shows the normalized maximum peak values 
(IMAX/IO) of the conduction current obtained for a given pH over the number of test runs. The 
number of test runs corresponds to the number of times that the potential sweep test was 
repeated. As indicated in the plot, the conduction current of polyaniline decreases irreversibly 
over time and over repeated number of use. 
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Figure 3.12. A graph illustrating a decrease in conductivity over repeated number of use. I0 is the 
maximum IC value obtained in pH 1. 
It has been reported that the decrease in conductivity is especially prominent when it is 
exposed to high pH solutions (e.g., pH 4 or higher) due to inevitable degradation of the polymer 
[122]. This degradation cannot be restored even if the polymer is re-exposed to a strong acid. 
Possible causes for this irreversible conductivity degradation are structural damage due to 
mechanical stretching or twisting of the polymer chain caused by electrostatic charge of the 
dopant, and damage to the polymer backbone structure caused by the generation of quinone-
hydroquinone couples as a result of hydrolysis [22], [125]. Therefore, if the polyaniline 
nanowire-based chemiresistive sensor is to be used repeatedly, conductivity degradation must be 
minimized. One strategy is to introduce alkyl chains or other chemical compounds attached to 
the polymer to prevent hydrolysis or other types of oxidative degradation [132]. Another possible 
solution is to develop a self-calibration mechanism that will reset or compensate for the 
degradation in polyaniline nanowire material which will be investigated in the following chapter. 
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3.4.5. Polystyrene Sulfonate-Doped Polyaniline 
Polyaniline is a poorly conducting polymer when the pH of the environment is 5 or greater. 
This severely limits the use of polyaniline in applications that require neutral pH environment, 
especially in biosensors. As mentioned in section 2.4, polyaniline synthesized with large 
molecular chain anions such as polystyrene sulfonate (PSS) can improve the conductivity of 
polyaniline at near neutral pH range. To experimentally verify the concept, polyaniline was 
electrochemically polymerized in a solution of 0.2 M aniline and 0.5 M PSS (MW ~ 70,000, 
Sigma-Aldrich, St. Louis, MO, USA) in 1 M H2SO4 with the same growth method described 
previously. The use of PSS-doped polyaniline nanowires ensured that polyaniline nanowires 
maintain good conductivity with the baseline conductance current (IC) in the neighborhood of 50 
µA with a bias potential of VB = 0.05 V and a differential voltage of VD = 20 mV at pH 6. 
3.5.  Conclusions 
In conclusion, a polyaniline nanowire-based chemiresistor device was designed, fabricated, 
and characterized in an electrochemical cell setup. The device characterization was mainly 
focused on the nanowire morphology, IC vs. VB characteristics, hysteresis effect, repeatability 
study, and degradation analysis. The developed chemiresistor showed bias potential and pH-
dependent conductivity, with increased maximum conductance as the pH is reduced. The result 
demonstrated the potential for the device as a polyaniline-based chemiresistive pH sensor. 
However, the main disadvantages of a polyaniline-based chemiresistor are the lack of 
reproducibility in the conduction current due to the irreversible degradation in conductivity, the 
presence of hysteresis in conduction current, and the loss of conductivity at near neutral pH. 
While much work has been recently reported to improve the conductivity of polyaniline at or 
near the neutral pH region [108], [113], [121], [133], [134], less attention has been paid to 
46 
 
address the problem of repeatability and hysteresis. Therefore, an improvement in obtaining 
repeatable measurements is highly required. A reliable device resetting and calibration function 
could improve the performance and practicality of the polyaniline-based chemiresistive sensor 
which yields minimum hysteresis and reproducible measurements in the conduction current. 
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4. Self-Calibration of a Polyaniline Nanowire-Based Chemiresistive  
pH Sensor 
4.1. Introduction 
From the previous chapter, it has been demonstrated that the polyaniline nanowire-based 
chemiresistor suffers from the lack of repeatability. The unrepeatable conduction current is 
associated with two separate phenomena: degradation and hysteresis of the polymer. In this 
chapter, the goal is to address these issues so that the chemiresistive sensor can produce 
repeatable measurements. In section 3.4.3, it was observed that, when the bias potential of the 
polyaniline nanowires was forward scanned repeatedly, the peak response of IC decreased as the 
number of the scan cycle increased in high pH solutions. It was concluded that the peak current 
reduction was due to the proton release from the polymer into the bulk solution and the rate of 
peak reduction was believed to be related to the level of pH. Such rate of peak current decrease 
may provide useful information in terms of measuring the pH of the unknown solution. Based on 
the prior observations, the objective of this chapter is to investigate the possibility of utilizing the 
rate of peak decrease resulting from the repeated potential scan as a measure to predict the pH 
level. Here, we propose a novel device calibration mechanism that produces repeatable and low 
hysteresis measurements in pH sensing application. The contents of this chapter is taken from the 
previously published journal article titled “Self-calibration of a polyaniline nanowire-based 
chemiresistive pH sensor,” published in 2014 in Microelectronic Engineering [135]. 
4.2. Working Principle 
The same polyaniline nanowire-based chemiresistive device described in Chapter 3 is used. 
All electrochemical potentials are given with respect to the silver/silver chloride (Ag/AgCl) 
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reference electrode unless otherwise noted. Figure 4.1(a) shows the proposed method of a device 
calibration and resetting mechanism. 
 
 
(b) 
 
(a) (c) 
Figure 4.1. The proposed self-calibration technique: (a) a three step calibration involving 
initialization (resetting), measurement (doping), and partial proton release; (b) the corresponding 
bias potential (VB) input signal, and (c) an example of the normalized IC response of the first 5 
cycles of the potential scan in pH 4. IO is defined as the maximum IC in the first cycle. 
The proposed method consists of the three-step calibration procedure. In the first step, VB is 
held at a potential sufficiently negative (VR) for the duration of t1 in order to convert the redox 
state of the polymer into the fully reduced state. This initialization step allows the protons in the 
solution to be covalently attached to the nitrogen binding sites of the polyaniline and hence 
serves as a proton capturing mechanism. In the second step, VB is linearly scanned from VR to 
VO and, during this process, polyaniline nanowires undergo a change in the redox state from 
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leucoemeraldine to partially oxidized emeraldine. As a result, polyaniline becomes conductive 
due to the generation of the radical cations. The conduction current continues to rise until the 
maximum value is reached. As VB approaches near VO, the polyaniline is further oxidized past 
the half-oxidation point, and some amine nitrogen atoms are converted to imine nitrogens by 
losing protons. Consequently, the conductivity of polyaniline decreases. Once VB reaches VO, 
the third step in the calibration procedure begins which involves holding VB at VO for a brief 
period of t3 to allow the protons to be released into the bulk solution. This three-step calibration 
cycle is repeated without the initialization step. The reason for omitting the initialization step in 
the subsequent cycles is to create a peak current reduction between the cycles. The implemented 
input signal waveform for VB is shown in Figure 4.1(b) and a typical conduction current 
response over a repeated number of cycles is given in Figure 4.1(c). The term ‘self-calibration’ is 
used to describe the proposed mechanism since the device resetting is done electrochemically 
and does not require any external rinsing or calibrating solution. It should also be noted that, 
since only positive potential sweep is considered, the potential dependent hysteresis can be 
eliminated. This is further evidenced by the alignment of the peak current positions with respect 
to the potential as shown in the plot of Figure 4.1(c). It has been reported that exceeding the 
potential beyond +0.6 V vs. Ag/AgCl can be detrimental to the conduction of polymer due to 
over oxidation [122], [136]. Therefore VO must not exceed +0.6 V but, at the same time, should 
be large enough that the peak currents for pH 1 ~ 6 can be observed. This leads to the range of 
+0.45 V < VO < +0.6 V for a suitable choice for VO. VO = +0.5 V is typically used for the 
experiments. The differential voltage of VD = 20 mV is used throughout the experiment. 
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4.3. Peak Current vs. Potential Sweep Characterization 
The proposed method of pH sensing was tested on the fabricated chemiresistive sensor in 
various pH environments. The device was allowed to be initialized for t1 = 1 min, and for the 
proton release time t3 = 1 s was used. A reducing potential of VR = -0.2 V and an oxidizing 
potential of VO = +0.5 V were selected as the window of the potential sweep. The response of IC 
for the first three sweep cycles of VB is shown in Figure 4.2.  
 
Figure 4.2. The conduction current responses of the polyaniline-nanowire based chemiresistor in 
pH 1 ~ 6 solutions under 3 cycles of the bias potential sweep at a scan rate of 50 mV/s. The 
solid, dashed, and dotted lines represents the first, the second, and the third cycle of the potential 
scan, respectively. The currents are normalized with respect to IO the maximum IC value in pH 1.  
It is observed from the plots that the waveforms are generally reproducible over a repeated 
number of cycles when the pH of the solution is within the range 1 to 3. However, for the 
solutions with pH values of 4 or greater, the peak of the waveform decreases with the repeated 
potential scan. It can be further noted that, in the pH range of 4 to 6, the rate at which this peak 
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drops is related to the pH of the solution. For example, in the pH 4 solution, the peak current of 
the second scan cycle (blue dashed line) was about 55% of that of the first cycle (red solid line). 
In pH 6, however, the magnitude of the peak current in the second cycle is less than 20% of the 
first. Using this difference in the rate of peak current decay, a method could be formulated that 
uses the peak values of IC in the first and the second scan cycle to predict the pH of the solution. 
4.4. pH Detection Utilizing the Ratio of Peak Current Reduction 
In order to further establish the relationship between the peak IC values and the number of 
VB sweep cycles, the normalized maximum IC at each cycle is plotted in Figure 4.3(a). For 
further clarification, the plots for pH 1 – 3 are separately shown in Figure 4.3(b). 
  
(a) (b) 
Figure 4.3. The peak IC values (IPK) of the first five cycles normalized to the IPK value of the first 
cycle (IPKO): (a) in the range pH 1 to 6 and (b) in the range pH 1 to 3 only for a clearer 
distinction. 
Although the IPK values do not show a clear distinction in the range pH 1 – 3, for higher pH 
values, the faster rate of decay for IPK can be observed as the pH of the solution increases. Here, 
a new variable, P1, describing the peak conduction current ratio of the first and the second cycles 
is introduced which is defined as 
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  (4.1) 
where IPK (n) denotes the IPK value of the n-th potential sweep cycle. In other words, P1 is the 
ratio of the peak conduction current of the second sweep scan with respect to the first. The peak 
ratio between subsequent cycles, for example IPK(3)/IPK(2) would be significantly different from 
P1 since a substantial amount of protons would have been lost during the first cycle, especially in 
high pH solutions. Therefore, in order to obtain P1, only two cycles of the VB is required. Figure 
4.4 gives a pictorial description of the two components IPK (1) and IPK (2) for obtaining P1. 
 
Figure 4.4. An illustration of the two components IPK (1) and IPK (2) for obtaining P1. The solid 
and the dashed lines correspond to the IC responses to the first and the second VB scan cycles, 
respectively. 
Using the P1 value as a measure for pH sensing, the proposed method was applied to the 
polyaniline-based chemiresistive pH sensor and the obtained P1 values for each pH solution are 
plotted as shown in Figure 4.5. 
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Figure 4.5. The measured P1 values from the polyaniline-based chemiresistor for the given buffer 
solutions with pH 1 to 6. 
The solutions in the pH range from 4 to 6 give distinct P1 values, and thus, the pH of the 
solution could be determined in this pH range. However, in stronger acids in the pH range 
between 1 and 3, the P1 values are all close to unity. Therefore, low pH detection with high 
resolution is difficult with this variable alone. This is expected as the peak values do not change 
drastically over a number of scan cycles in low pH solutions (e.g., pH 1 – 3) as indicated in 
Figure 4.3(b). Therefore, a different pH sensing mechanism needs to be implemented for a low 
pH range detection. 
4.5. pH Detection with IC at VB = +0.5 V 
As shown in Figure 4.2, although the IC curves in pH 1 – 3 solutions exhibit a negligible 
peak current drop over repeated cycles, the values of IC at VB = +0.5 V are significantly different 
between pH levels of 1 – 3. This difference in IC at VB = VO is illustrated in Figure 4.6. For 
example, at pH 1, the value of IC/IO at VB = +0.5 V is similar to the peak value while at pH 3, the 
value of IC/IO at VB = +0.5 V is approximately 42% of the peak value. 
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Figure 4.6. IC curves for pH 1 – 4 normalized to their corresponding IO value: the plot shows 
different IC/IO values when VB = +0.5 V. 
Based on this observation, another variable P2 can be defined as 
   
      
      
  
(4.2) 
where IC(VO) is the value of IC at VB = VO, and in this experiment, VO was chosen to be +0.5 V. 
Therefore, P2 represents the ratio of the conduction current response at VB = +0.5 V with respect 
to the peak value of the IC response in the first scan cycle. For measuring P2, a multiple VB scan 
cycle is not required since both components, IC and IPK, can be obtained from the first cycle of 
the potential scan alone. Figure 4.7 illustrates the two components IC(VO) and IPK(1) for 
determining the values of P2 from a low pH solution (pH 1 – 4), and using this formula, the 
obtained P2 values of various pH buffer solutions can be plotted as a function of pH as shown in 
Figure 4.8. 
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Figure 4.7. The description of the two IC components measured for calculating P2: the peak 
value, IPK(1), and the value at VB = +0.5 V, IC (VB = +0.5 V). 
The plot of P2 in Figure 4.8 shows that, for a low pH range (pH 1 – 3), distinguishable P2 
values are obtained, which allows the pH sensing capability in this pH range. However, as the 
pH of a solution increases, P2 converges to the same value which no longer can distinguish the 
different pH levels. Therefore, unlike P1 that is better suited for high pH detection, P2 is 
optimized for low pH sensing. 
 
Figure 4.8. The measured P2 values from the polyaniline-based chemiresistor for the given buffer 
solutions with pH 1 to 6. 
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4.6. Repeatability Test 
To demonstrate that the values P1 and P2 are reproducible over a repeated number of uses 
even as the conductivity degradation of polyaniline continues, the repeatability test was 
performed on the developed polyaniline nanowire-based chemiresistor. For each test run, the 
values P1 and P2 were measured by exposing the sensor to each buffer solution ranging from pH 
1 to 5. The test was repeated five times. For each pH solution, the device was initialized at  
VR = -0.2 V followed by two cycles of VB scan from -0.2 V to +0.5 V. Afterward, the values of 
P1 and P2 were plotted as a function of the number of test runs as shown in Figure 4.9. 
  
(a) (b) 
 
(c) 
Figure 4.9. Repeatability test showing the values of: (a) P1 in the pH range of 3 ~ 5; (b) P2 in the 
pH range 1 ~ 4, and (c) the normalized peak conduction current over five repeated tests. 
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Figure 4.9(a) and Figure 4.9(b) show that the P1 and P2 values were reproducible, and the 
influence of the conductivity degradation of polyaniline on P1 and P2 was less significant. In 
comparison, Figure 4.9(c) shows that, during the same test runs, the peak conduction current has 
decreased, which confirms that the conductivity degradation has occurred. Therefore, this result 
demonstrates that the proposed self-calibration technique improves the repeatability in pH 
sensing by utilizing P1 and P2 measurements from the bias potential scan cycles. 
It is well-accepted that the electrochemical potential at which the second redox reaction in 
the cyclic voltammetry curve occurs, which is related to the conversion from emeraldine to 
pernigraniline, depends on the pH of the solution. In fact, the peaks associated with the second 
redox process in the CV curve shift to the more positive potential as the pH decreases [28]. As a 
result, the ‘potential window’ where polyaniline becomes conducting is broader for low pH 
solutions than that for the less acidic environment [44]. This allows us to use P2 values to 
differentiate the pH of the solutions especially in the low pH range. For example, polyaniline 
exhibits maximum conductivity at VB = +0.5 V in pH 1 while it is nearly insulating at this 
potential if the pH of the solution is 4 or higher. 
4.7. Conclusions 
In this chapter, a new approach to obtain a reproducible conduction current measurement 
covering a wide range of pH has been developed and demonstrated for a polyaniline nanowire-
based chemiresistor. The presented self-calibrating mechanism avoids the need to reset the 
device via a rinsing or a dedoping step. Two parameters have been suggested for measuring the 
pH of an unknown solution: P1, the ratio of the peak current values of the two consecutive 
potential sweep cycles, and P2, the ratio of the current at VB = VO with respect to the peak 
current. The variable P1 is more optimized for measuring high pH range (pH 3 to 6) while P2 is 
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optimized for measuring low pH range (pH 1 to 3). By sweeping the potential in one direction 
from the fully reduced state to the oxidized state, the hysteresis effect which is dependent on the 
direction of the potential scan has been eliminated. The results indicate that the two parameters 
P1 and P2 are minimally influenced by the declining of the polyaniline conductivity caused by the 
polymer degradation. The demonstrated technique enables a calibration-free and reusable 
polyaniline nanowire-based pH sensor in acidic environment. This technology has potential 
applications in continuous monitoring of chemical and gas species, or reusable bio-analytical 
devices. 
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5. A Selective Sensor Based on Polyaniline Nanowires with Catalysts 
5.1. Introduction 
The two most critical issues with regards to chemiresistive sensors are the lack of 
reproducibility and selectivity. In the previous chapter, improvements in repeatable and low 
hysteresis measurements were made by implementing a device calibration mechanism which 
utilizes the electrochemical conversion of the polymer’s redox state. However, the lack of 
selectivity in polyaniline nanowire-based chemiresistors is another limitation that requires much 
attention. Aside from being pH-sensitive, the conductivity of polyaniline does not respond well 
to most chemicals. In other words, a polyaniline-based chemiresistor is most sensitive to protons 
(H
+
) and hydroxyl ions (OH
-
). In an effort to enhance the selectivity in polyaniline-based 
chemiresistors, a novel technique utilizing catalysis is proposed. In order for the polyaniline-
based chemiresistors to respond selectively to target chemical species, nanoparticle-based 
catalysts are incorporated into the polymer nanowires whose catalytic activities would 
selectively influence the conductivity of the chemiresistors. This chapter discusses the basic 
principles and the method for modifying the polyaniline nanowires with metal and oxide based 
nanoparticles that behave as catalysts for achieving selective chemiresistive detection. As a 
demonstration of this concept, a selective detection of hydrogen peroxide using polyaniline 
nanowires modified with silver nanoparticles is presented in the later part of this chapter.  
5.2. Basic Principle of a Catalyst-Assisted Chemiresistive Sensor 
Since the conductivity of polyaniline is sensitive to pH, the basic principle for enhancing 
the selectivity in a polyaniline-based chemiresistor is to influence a pH change near the 
polyaniline nanowires caused by a selective chemical reaction initiated of the target analyte. 
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Since catalysis is specific to the chemicals involved, a catalytic reaction can provide selectivity 
to polyaniline-based chemiresistors as long as the pH can be altered as a result of such catalysis. 
Certain nanoparticles are known to enhance catalytic activities due to their large surface area and 
their ability to lower the activation energy, resulting in an increased reaction rate. Figure 5.1 
illustrates the basic concept of a catalyst-based selective chemical detection with a pH sensitive 
polyaniline-based chemiresistor. 
 
Figure 5.1. Schematic diagram illustrating the concept of catalyst-assisted selective detection of 
target analyte using nanoparticles acting as catalysts. 
When the target molecular species (analyte) make contact with the nanoparticle, the analyte 
is consumed to generate a product. If protons, hydroxyl ions, or other molecules are also 
generated as by-products, a local pH change caused by such by-products can be detected by 
measuring the resistance of the chemiresistor based on polyaniline nanowires. Since the catalysis 
increases the rate of reaction, the change in the resistance of the catalyst-modified polyaniline 
nanowires will be much greater than the pristine polyaniline nanowires without nanoparticles. 
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Hence, a larger conductance change would be observed compared to the unmodified 
chemiresistor. As an example, Figure 5.2 further describes the case when the resistivity of the 
polyaniline-based chemiresistor is increased due to the formation of hydroxyl ions as a by-
product of the catalysis. 
 
Figure 5.2. Illustration of the selective analyte detection based on a catalytic effect: (a) a 
polyaniline nanowire-based chemiresistor with catalytic nanoparticles; (b) approaching of the 
analytes to the surface of the chemiresistor; (c) catalytic reaction and the generation of by-
products (e.g., hydroxide ions), and (d) the resistivity change of polyaniline chemiresistor due to 
the local pH change. 
As the catalytic reaction is initiated by the approaching of the analyte (Figure 5.2(b)), 
hydroxide ion by-products are formed in the vicinity of the polymer nanowires (Figure 5.2(c)). 
As a result of an increase in the hydroxide ion concentration near polyaniline, the pH is locally 
increased which influences the polyaniline nanowires by raising its resistivity (Figure 5.2(d)). 
There are several advantages of the catalyst-assisted chemiresistive sensors. First, each 
nanoparticle possesses unique catalytic activities that are different from other types of 
nanoparticles. Hence, the use of catalysts adds selectivity to the sensors. Second, as long as the 
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reacting chemical species is present, the catalytic reaction continues to occur and consequently 
amplifies the signal that can be picked up by the chemiresistor. Third, since the nanoparticles are 
not consumed, the rate of reaction will only be determined by the concentration of the analyte. 
Other advantages of using nanoparticle-based catalysts are minimum degradation, and long shelf 
life, among others. However, some disadvantages also exist such as the dependence of the 
catalytic activity on various factors, including the pH and the temperature of the environment, 
and the requirement of the catalytic reaction to produce either protons or hydroxyl ions in order 
to cause pH change in the local proximity of the polyaniline-based chemiresistor. In this work, 
an appropriate baseline pH is chosen to circumvent one of the disadvantages as a starting point. 
5.3. Experimental Methods 
In order to prove the concept of catalyst-enabled selective detection with polyaniline-based 
chemiresistors, several nanoparticles and selected chemicals were experimentally tested. It was 
desired to use a neutral pH solution as the background environment since a small amount of 
protons or hydroxyl ions can significantly shift the pH of the environment. Moreover, most 
catalytic reactions are pH-dependent and favor neutral pH. Similar environment is also favored 
by the biological catalysts such as enzymes which may be utilized in biosensors. 
5.3.1. Preparation of Catalyst Nanoparticles 
Four types of nanoparticles well-known for their catalytic activities are chosen as catalysts: 
silver (Ag), iron (III) oxide (Fe2O3), nickel (Ni), and titanium dioxide (TiO2). The nanoparticles 
are incorporated into the polyaniline nanowires by placing a droplet of the nanoparticles 
dispersed in aqueous solution. Each nanoparticle-suspended solution was prepared by adding 1 
mg/ml of nanoparticles and 1 mg/ml of sodium dodecyl sulfate (SDS) into 10 ml of deionized 
water and sonicating for 1 hour. While some nanoparticles, such as silver, iron oxide, and 
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titanium dioxide were quite stable after ultra-sonication, suspension of other nanoparticles, such 
as nickel, were not stable and the nanoparticles eventually settled to the bottom after a short 
period of time. After the nanoparticle dispersion, a droplet containing the suspended 
nanoparticles was placed on the polyaniline nanowires to physically attach the nanoparticles to 
the polymer surface. Figure 5.3 shows the image of the various nanoparticles suspended in 
deionized water.  
After polyaniline nanowires have been synthesized, a pipette was used to drop 
approximately 5 µl of the nanoparticle-dispersed liquid onto the surface of the polyaniline 
nanowires. The device was placed on the hotplate to allow the liquid to dry at 50 °C. A total of 
three drops were placed on the sensing area of the polyaniline-based chemiresistor to ensure 
sufficient amount of nanoparticle deposition. 
 
Figure 5.3. Four different nanoparticles, silver, iron oxide, nickel, titanium dioxide, with 
concentration of 1 mg/ml with 1 mg/ml of SDS suspended in aqueous solution. 
5.3.2. Background pH Environment 
Most catalytic reactions are pH-dependent and are more effective in a higher pH 
environment rather than in a low pH solution. Therefore, a high pH environment is a preferred 
background pH for the catalyst-modified chemiresistive sensor. However, the conventional 
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polyaniline chemiresistor synthesized in sulfuric acid is non-conducting for pH > 6 and cannot 
detect a pH change in a high pH environment (pH > 6) even if catalytic reaction occurs. This 
limits the use of high pH solutions as the background reference solution. Therefore, modifying 
polyaniline nanowires to have enhanced conductivity at elevated pH is needed. Since it is known 
that the poly(sodium 4-styrenesulfonate) (PSS)-doped polyaniline shows an improved 
conductivity at near neutral pH as described in section 3.4.5, this material was adopted for the 
catalyst-assisted sensing of chemical species. The polyaniline nanowires doped with PSS anions 
resulted in an improved conductivity showing a conductance current of approximately 50 µA at 
pH 6. Therefore, pH 6 was chosen as the background environment under which the polyaniline-
based chemiresistive sensors were operated. 
5.4. Selecting Target Chemical Species  
To demonstrate that nanoparticles can indeed produce catalytic reaction and promote 
selectivity of a polyaniline-based chemiresistive sensor, common laboratory chemicals were 
chosen as test target species to verify whether each catalytic nanoparticle group responds 
differently to a given species of interest. Four different chemicals, hydrogen peroxide (H2O2), 
ethanol (C2H6O), methanol (CH3OH), and acetone ((CH3)2CO) were tested as analyte. 
In a typical experiment, the polyaniline chemiresistive sensor was immersed in 10 ml of a 
pH 6 buffer solution with VB = 0.05 V and VD = 20 mV. The bias potential was chosen so that 
the maximum DC conduction current was observed. After the current was stabilized to a constant 
value, an incremental volume of test analyte was injected with a pipette and the container was 
gently stirred for about 5 seconds. 
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Figure 5.4 shows the conduction current response of the polyaniline-based chemiresistive 
sensors modified with different types of nanoparticles when each sensor was exposed to 100 µl 
of 30% H2O2 (~100 mM). 
 
Figure 5.4. Conduction current response (IC) of the polyaniline-based chemiresistive sensors to 
an exposure to 100 mM of H2O2. Three types of chemiresistors were tested: polyaniline 
nanowires without any modification (blank), with iron oxide nanoparticles (Fe2O3), and with 
silver (Ag) nanoparticles. 
The graph indicates that the chemiresistive sensor modified with Ag nanoparticles resulted 
in the largest current response. Fe2O3-modified chemiresistors also produced a weak form of 
catalytic activity which was not as effective as silver. Furthermore, the IC response of Ag-
modified sensor resulted in a large initial current drop followed by a gradual rise. This can be 
explained by mass transport-limited reaction where the abundance of hydrogen peroxide present 
near the sensing area was quickly consumed creating a large initial current drop followed by the 
gradual restoring of the current due to the reduced reaction rate limited by the rate of mass 
transport of the reactant. On the other hand, the IC response of the Fe2O3-modified sensor 
continues to drop which may be explained by the electron transfer rate being slower than the 
mass transfer rate. The graph also confirms that, without the aid of catalysts, the conduction 
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current does not experience significant current drop. This result gives evidence that catalytic 
nanoparticles such as Ag and Fe2O3 can generate selective catalytic activities for the detection of 
H2O2 species. To further demonstrate the selectivity of the nanoparticles, the device modified 
with nanoparticles was exposed to various chemicals as shown in Figure 5.5.  
 
(a) 
 
(b) 
Figure 5.5. Comparison in response to acetone, ethanol (EtOH), methanol (MeOH), and 
hydrogen peroxide (30% H2O2): (a) 100 µl of each analyte exposed to a silver nanoparticle-
modified polyaniline-based chemiresistor and (b) 400 µl of each analyte exposed to a Fe2O3-
modified polyaniline-based chemiresistor. 
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Figure 5.6 shows the current response of the Fe2O3/polyaniline-based chemiresistive sensor 
when the device was exposed to varying amounts of H2O2. As shown in the graph, higher 
concentration of target sample results in steeper current drop probably due to the higher rate of 
catalytic reaction determined by the amount of target species present near the nanoparticles. 
When 1 mL of deionized water was injected to the sample, little change in IC is observed 
confirming the selectivity of the sensor in the detection of H2O2 given by the catalytic 
nanoparticles. 
 
Figure 5.6. Conduction current (IC) response of the Fe2O3/polyaniline-based chemiresistive 
sensor to an exposure to 100, 200, and 400 µl of 30% H2O2. The response of the sensor to 1 ml 
of deionized water is also shown to confirm selective detection H2O2 as a result of catalytic 
reaction. 
5.5. Selective Detection of Hydrogen Peroxide using Silver Nanoparticles as Catalysts 
This section presents the implementation and characterization of a hydrogen peroxide 
sensor using catalytically modified polyaniline nanowires. The contents of this section was taken 
and modified, from the original article published in the Journal of the Micromechanics and 
Microengineering [137]. 
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5.5.1. Motivation 
As mentioned in the previous section, a catalyst-based approach has been suggested in this 
chapter in order to improve the selectivity of a polyaniline nanowire-based chemiresistors. To 
demonstrate the proposed concept,  silver nanoparticles have been chosen as catalysts for the 
selective detection of hydrogen peroxide. Accurate sensing of H2O2 is of great importance in 
many areas including pharmaceutical, clinical, and environmental applications [138]. H2O2 also 
plays a crucial role in living organisms in terms of regulating various biological functions and 
signaling. There are several commonly used methods for detecting H2O2 in a solution phase 
including fluorimetry, chemiluminescence, fluorescence, and spectrophotometry. However, the 
equipment used in these methods is bulky, complex, expensive, and can be time consuming. On 
the other hand, an electrochemical detection method can offer a simple, inexpensive, rapid, 
sensitive, and miniaturizable alternative in accurate H2O2 measurements. Recently, it has been 
reported that silver nanoparticles (AgNPs) exhibit catalytic reaction with hydrogen peroxide 
causing the production of hydroxyl ions and water [139], [140]. The proposed method utilizes 
this catalytic activity of the AgNPs to influence the conductivity of polyaniline nanowires by 
attaching the catalysts onto the surfaces of polyaniline-based sensing area. 
5.5.2. Working Concept 
A pictorial description of the proposed concept has been given previously (see Figure 5.1 
and Figure 5.2). When the target analyte, i.e., H2O2 molecules make contact with the silver 
nanoparticles, the following catalytic reduction of H2O2 has been suggested to occur [139], 
[140]: 
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H2O2 + e
-
 ↔ OH(ads) + OH
-
 (5.1) 
OH(ads) + e
-
 ↔ OH- (5.2) 
2OH
-
 + 2H
+
 ↔ 2H2O (5.3) 
The generation of the byproducts such as OH- and H2O on the surfaces of the AgNPs 
lowers the proton concentration, and therefore increases the pH near the close proximity of the 
polyaniline nanowires. Since the conductivity of polyaniline is highly dependent on the pH level 
of the environment, with its conductivity increasing as the pH decreases, polyaniline responds to 
this pH change by reducing the conduction current flowing through the polymer nanowires.  
Figure 5.7 illustrates the schematic configuration of a polyaniline-based chemiresistive 
sensor for measuring the conduction current through the nanowires. A reference electrode 
maintains the electrochemical potential of the polyaniline at a fixed voltage VB in order to 
stabilize the conduction current. A small differential voltage of VD generates a DC current flow 
between the two working electrodes (from WE2 to WE1) via the polyaniline nanowire network. 
 
Figure 5.7. A schematic diagram of a polyaniline-based chemiresistor: the electrochemical 
potential of polyaniline is controlled with VB while a conduction current through the polyaniline 
is induced by applying a differential voltage VD. 
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5.5.3. Experimental Methods 
Device Design and Fabrication - The fabricated sensor design is depicted in Figure 5.8. The 
device fabrication technique was similar to as described in Chapter 3.2. The sensing device 
consists of two gold working electrodes separated by a 5 μm gap and an on-chip silver/silver 
chloride (Ag/AgCl) reference electrode. The Ag/AgCl reference electrode was fabricated by 
electroplating the 400 µm × 400 µm area of gold electrode with Cyless II RTU silver solution 
(Technic Inc.). A silver layer was formed by applying a cathodic current of 0.5 mA/cm
2
 to the 
electrode for 30 minutes. Afterward, AgCl layer was deposited over the electroplated silver by 
supplying an anodic current of 0.5 mA/cm
2
 in 1 M KCl solution for 30 minutes. A passivation 
layer, which was lithographically patterned using a positive photoresist (Shipley S1827) 
followed by hard baking at 180 °C to stabilize the resist layer, defines an opening at the two 
working electrodes (200 μm × 500 μm) where polyaniline is to be grown in order to bridge the 
two electrodes. 
  
(a) (b) 
Figure 5.8. Images of the fabricated device: (a) the electrode design showing Ti/Au (10 nm/50 
nm) layer on glass substrate and (b) a magnified image of the sensing area (the circled area from 
part (a)) with 5 µm gap between the working electrodes. The polyaniline area is 200 µm x 500 
µm. Scale bar is 500 µm. 
Nanowire Synthesis - The polyaniline nanowires were electrochemically synthesized in a 
solution containing 0.2 M aniline, 0.05 g/ml of poly(sodium 4-styrenesulfonate) (PSS, MW ~ 
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70,000, Sigma-Aldrich), and 1 M sulfuric acid. PSS is a large molecular weight polymeric anion 
which has been reported to extend the conductivity of polyaniline nanowires to the neutral pH 
range when incorporated during the synthesis process [121], [141]. An anodic current density of 
1 mA/cm
2
 was allowed to flow through the two working electrodes for 10 minutes, which caused 
the oxidation of aniline monomers and subsequently resulted in the formation of polyaniline 
nanowires. 
AgNP Dispersion and Deposition - A liquid suspended silver nanoparticle (AgNP) 
dispersion was prepared by adding 1 mg/ml of silver nanoparticles (particle size < 100 nm, 
Sigma-Aldrich) and 1 mg/ml of sodium n-dodecyl sulfate (SDS, Alfa Aesar) into deionized 
water, and the mixture was sonicated for at least 3 hours. For the deposition of the silver 
catalysts onto the polyaniline nanowires, several drops of the silver nanoparticle suspended 
liquid was placed drop-wise on the polyaniline area with each droplet being 1 µl in volume.  For 
the deposition of multiple droplets, each drop was completely dried before the next droplet was 
placed on the surface of the device. 
H2O2 Detection Experiments - For measuring the H2O2 concentration, the electrochemical 
potential of the polyaniline chemiresistor was maintained at VB = +0.1 V vs. Ag/AgCl to 
optimize the polymer’s conductivity. The potential difference between the two working 
electrodes was fixed at VD = 20 mV. The background solution used was a pH 5 buffer made with 
appropriate portions of 0.1 M KH2PO4 and 0.1 M NaH2PO4 in deionized water. After stabilizing 
the conduction current through the polyaniline in the background solution, the device was 
quickly immersed into the pH 5 buffer containing H2O2 of a given concentration. The change in 
the conduction current was measured with a current meter based on a feedback operational 
amplifier circuit. 
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5.5.4. Results and Discussion 
Comparison between Polyaniline Nanowires with and without AgNP Catalysts - Figure 5.9 
compares the current responses of the polyaniline-based chemiresistors with various amounts of 
AgNP deposition when the sensors were exposed to 20 mM of H2O2. Given the average particle 
size and the density of the silver nanoparticles, a rough estimate of the number of nanoparticles 
suspended in 1 µl of liquid dispersion can be calculated. It is also assumed that the number of 
AgNPs deposited on the surfaces of the polyaniline is linearly proportional to the number of 
drops placed on the device. The total number of the estimated AgNPs deposited on the 
polyaniline area (200 μm × 500 μm) is shown in the legend which corresponds to 0, 2, 3, and 4 
drops of the liquid dispersion, as listed in the legend from top to bottom.  
 
Figure 5.9. The conduction current response of a polyaniline-based chemiresistive H2O2 sensor 
with various amounts of AgNPs deposited on the polyaniline area. The legend indicates an 
estimated number of AgNPs on the sensing area. For each curve, the sensor was exposed to 20 
mM of H2O2. 
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When silver catalysts are absent in the vicinity of polyaniline nanowires, a direct interaction 
between H2O2 species and polyaniline causes a small decrease of about 3% of the total 
conduction current through the polymer as indicated in the plot with no AgNP. Since H2O2 is an 
oxidizing agent, polyaniline is expected have a slight reaction to H2O2 by converting its redox 
state to a more oxidized form which may have an impact on its conductivity. However, when the 
surfaces of the polyaniline nanowires were treated with a rich dispersion of silver nanoparticles, 
a much greater current change was observed which confirms that the nanoparticles serve as 
catalysts for causing the current change for the polyaniline. A decrease in the conduction current 
indicates that the pH near the polyaniline area has increased which is believed to have been 
caused by the generation of hydroxide ions and water as a result of the catalytic reaction between 
H2O2 and AgNP as shown in the reactions (5.1) – (5.3). It was also observed that the rate of the 
current drop increased as the amount of the AgNP loading increased. This further confirms that 
the catalytic reactions between AgNPs and H2O2 are indeed occurring and that the amount of the 
generated OH
-
 and H2O byproducts is proportional to the amount of AgNPs deposited on the 
sensing area, given that the amount of H2O2 in the sample is constant.  
Calibration Plot, Sensitivity, and Detection Limit - For a fixed amount of AgNP loading 
(1.0 × 10
7
 particles) on the polyaniline-based chemiresistor, the rate of conduction current drop 
was solely dependent on the concentration of H2O2. Figure 5.10 shows the changes in the 
conduction current through the polyaniline under various concentrations of H2O2. As illustrated 
in the graph, a higher concentration of H2O2 causes faster current drop which indicates that rate 
of the byproduct formation is not limited by the number of AgNPs. However, it can be expected 
that, in the case where the amount of AgNP loading is insufficient, the rate of the byproduct 
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generation can be limited by the low quantity of AgNps. By observing the graph in Figure 5.10, 
the limit of detection for the developed sensor is approximated to be 5 mM. 
 
Figure 5.10. The conduction current response of the polyaniline/AgNP-based chemiresistor to 
various concentrations of H2O2. 
Although a direct reading of the current drop for the determination of the H2O2 
concentration is possible, some inherent limitations are associated with this technique. First, due 
to the continuous generation of the catalytic byproducts, it may take a long time for the 
conduction current to stabilize before any measurement can be made. Secondly, since the current 
cannot drop below zero, there is an upper limit on the measureable concentration. However, 
observing the results in Figure 5.10, one can envision a chemiresistive H2O2 sensor that utilizes 
the rate of the conduction current change, i.e., the slope of the current, as a measure to quantify 
the H2O2 concentration in a solution. Figure 5.11 shows a calibration plot showing the initial 
slope of the current versus the concentration of the analyte which can be used to estimate the 
concentration of H2O2. The calibration plot was obtained by measuring the tangential slope at 
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every 5 seconds after sample injection (for the first 25 seconds) and by calculating the average 
slope for each concentration. By fitting a straight line through the calibration plot, the average 
sensitivity of the sensor was obtained to be 0.0126 µA/mM-s. Although Figure 5.11 indicates 
that the detection limit is slightly higher than 5 mM due to the relatively large error bars, the 
slope measurement technique offers the advantage of rapid measurement rather than having to 
wait for the current to stabilize. On the other hand, direct current reading method as shown in 
Figure 5.10 gives the detection limit of as low as 5 mM, however the response time is longer 
compared to the slope measurement method. The large error bars in Figure 5.11 are probably due 
to the non-linear current decrease upon exposure to H2O2 caused by convective flow and 
disturbances in the sample solution. A microfluidic platform with low Reynolds number could be 
applied to minimize the uncertainties present in the slope measurements. 
 
Figure 5.11. The plot showing the initial slope vs. H2O2 concentration for the conduction current 
response of the polyaniline/AgNP-based chemiresistive sensor. The error bars indicate 1 standard 
deviation with sample number of n = 5. 
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Selectivity of the Sensor - To demonstrate the selective nature of the AgNP catalysts, the 
polyaniline/AgNP-based device was also tested under other chemical species other than 
hydrogen peroxide. Figure 8 shows the conduction current response of the sensor when it was 
exposed to 200 mM of ethanol, methanol and acetone. For comparison, the graph also shows the 
current response for 40 mM of H2O2. As indicated by the negligible changes in the conduction 
current, it can be concluded that the AgNPs only exhibit catalytic reaction with hydrogen 
peroxide but not with the other three solutions tested in this experiment. 
 
Figure 5.12. The conduction current response of the polyaniline/AgNP-based chemiresistive 
sensor when the device was exposed to 200 mM of each analyte solution except for H2O2, which 
was 40 mM. 
5.6. Conclusions 
In this chapter, a novel technique to allow selective detection of chemical species using 
polyaniline-based chemiresistive sensor is proposed and described. Catalysts that produce either 
protons or hydroxyl ions were used as signal amplifiers that drastically change the local pH of 
the environment causing the polyaniline to respond by changing its resistivity. Since catalytic 
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behavior is selective to certain chemical species, by selecting an appropriate catalyst, selectivity 
could be achieved in a polyaniline-based chemiresistive sensor. 
To demonstrate this concept, a selective chemiresistive hydrogen peroxide sensor was 
developed by incorporating catalytic silver nanoparticles into the polyaniline nanowire network. 
The experimental results confirm the presence of a selective catalytic reaction between hydrogen 
peroxide and silver nanoparticles, and the H2O2 concentrations can be predicted by observing the 
slope of the conduction current of the polyaniline nanowire network. The sensor’s selectivity in 
chemical sensing was also confirmed when the device only responded to H2O2 while other 
chemical species yielded negligible current change. Although the limit of detection for the 
proposed sensor was higher than other previously reported H2O2 sensors, the main contribution 
of this work is to suggest and demonstrate a new detection strategy that is both simple to 
fabricate and selective to the target analyte. Moreover, most electrochemical H2O2 sensors 
incorporate biological materials such as enzymes which may lead to instability and limited shelf-
life. Since non-enzymatic catalysts are used, the proposed sensor offers improved reliability and 
longer shelf-life.  
There are a few areas regarding this technology that need further improvements. First of all, 
the polyaniline area could be made thinner with high surface area in order to lower the detection 
limit of the sensor. Secondly, a more repeatable and reliable method to uniformly deposit the 
nanoparticles onto the polyaniline nanowires must be developed. Uniform dispersion of 
nanoparticles on a flat substrate is difficult due the ‘coffee ring’ effect [142] resulting in 
migration of  nanoparticles toward the edge of the liquid droplet. Another difficulty is the loss of 
nanoparticles due to the weak adhesion between the polymer/substrate and the nanoparticles. To 
ensure that a fixed number of nanoparticles be uniformly attached to the polyaniline, one option 
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is to encapsulate or embed the nanoparticles into the bulk of the polyaniline nanowires. This 
involves trapping the nanoparticles inside the polymer during the polymerization process.  
The work presented here serves as a step toward achieving the ultimate goal of developing 
a generic polyaniline-based sensor array in which various catalysts may be employed in each 
sensing element for achieving multi-analyte detection capability. Aside from hydrogen peroxide 
detection with silver nanoparticles, selective sensing of other chemical species using different 
catalytic nanoparticles should also be demonstrated. Further investigation to find other 
nanoparticles that catalytically respond to different analyte is needed in order to develop an 
integrated multi-analyte sensing array. 
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 Multi-Analyte Detection with Polyaniline-Based Sensor Array 
6.1.  Introduction 
In chapter 5, it was demonstrated that polyaniline nanowires can be modified by attaching 
catalysts, such as silver nanoparticles, to the nanowires in order to produce a selective 
chemiresistive sensor that responds to a specific chemical species. In this chapter, this concept is 
expanded further for the construction of a sensor with simultaneous multi-analyte detection 
capability. The final objective here is to develop an array of sensors that is able to identify 
(classification of analyte) and to quantify (estimating the concentration) each individual species 
in a mixture of analyte samples. This chapter is organized as follows: first, a brief overview on 
multi-analyte sensors is first given in section 6.2. In section 6.3, the process for selecting the 
appropriate catalysts and target analytes is described, and Section 6.5 discusses the calibration 
curve for the three analyte of interest obtained from each sensing component. In section 6.6, a 
multivariate algorithm for classification of analyte is described. Quantitative detection of the 
individual species is given in section 6.7. Concluding remarks are given in section 6.7. 
6.2. Cross-Reactive Sensor Array: A Brief Overview and Our Approach 
In the past, the traditional approach to multi-analyte sensor array has been the use of the so 
called “lock-and-key” type receptors where each sensing element is highly selective to one 
specific analyte with minimum cross-reactivity between the sensors in the array [143], [144]. 
However, this approach has several drawbacks. First of all, these types of sensors require each 
sensing element to be fabricated individually in a unique way. For example, each sensing 
element may have a different geometry or architecture. This is costly from a manufacturing point 
of view since the fabrication process can be quite complex. Secondly, the sensing elements may 
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have different transduction mechanism such as optical, electrical, and chemical sensing methods. 
This makes the measurement of the signals from each sensing element difficult and expensive. 
Thirdly, developing each individual sensing element to respond only to one specific analyte is a 
non-trivial task. In other words, it is difficult to produce a sensor array with a 1-to-1 mapping 
between each sensing element and the corresponding analyte resulting in a near 100% selectivity 
[145].  
As such, in recent years, the trends and directions in this research field has shifted from the 
aforementioned approach to the cross-reactive sensing strategy, also known as differential 
sensing [144], [146]. In cross-reactive sensors, each sensing element is less selective and may 
respond to multiple analytes. However when the measured signals from the individual sensing 
elements are combined and analyzed, each analyte can be discriminated from others by 
observing a unique signature response or a “ fingerprint” signal. This concept of multi-analyte 
sensing approach is inspired by the biological olfactory system for odor detection where the 
responses from many different types of olfactory receptors, although each receptor not being 
highly selective, are processed together to detect and identify the odor from an unknown sample. 
Hence, the term electronic nose, or e-nose, was coined to describe a multi-analyte sensor array 
for gas detection. For solution-based sensor array, electronic tongue, or e-tongue is commonly 
used. 
The concept of e-nose and e-tongue has been suggested by many, and some work has been 
done to show the feasibility to develop such sensors. A colorimetric e-tongue has been reported 
[147], [148] and conducting polymer-based multiple vapor detection has also been reported 
[149]. However, none has been able to demonstrate a ‘generic sensor array’ consisting of a single 
sensing material. A truly generic sensor array, with each sensing element having an identical 
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sensing platform, has the benefit of being able to tailor each sensing element according to the 
user’s needs by modifying with the appropriate catalyst.  
The benefit of using the cross-reactive sensors is that the selectivity requirement for each 
sensing element is lenient, and this allows for the sensing elements to be designed and fabricated 
in a cost effective way. Furthermore, the development of a generic sensor platform can be 
achieved where each sensor in the array contains the basic chemiresistor that is common and 
identical throughout the array. In addition to this basic platform, each sensing component can be 
slightly modified or “tweaked” to give a distinct response. If this generic sensor configuration 
can be realized, the sensor array can be custom designed according to the user’s need. Moreover, 
if this approach is to have significant merit, the method to modify the generic sensing element 
must be simple and effective. 
Our approach is to use pristine polyaniline nanowire network as a generic sensing material, 
and the sensing elements in the array are functionalized with different types of catalysts so that 
each sensing element contains a single type of catalyst. By modifying each sensor in a unique 
way, the response signal from each sensor element will be diverse. In other words, differently 
modified sensors will produce different signals for a given target species. Since the selectivity is 
somewhat relaxed, certain analytes will lead to similar signals from more than one sensing 
element. However, combining the information provided by the signal responses from the 
individual sensors, it may be possible to identify the composition of the unknown sample of 
interest.  
We will also attempt to quantify the concentration of each analyte in the sample solution. 
Some of the immediate challenges regarding this approach is (a) choosing the right catalysts and 
finding the detectable analyte; (b) dealing with cross-reactivity present in the sensor array, and 
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(c) developing an algorithm for classification and quantification of the individual species. To 
simplify the problem, the number of target analyte will be limited to 2, but will later be extended 
to large numbers. 
6.3. Device Design and Fabrication for the Chemiresistive Sensor Array 
The electrodes for the sensing device were redesigned and modified from the devices used 
in the previous chapters. In an extremely low concentration range, making the polyaniline bridge 
narrower could improve the sensing performances including the limit of detection and 
sensitivity. However for detecting a relatively larger concentrated analyte, for example, in the 
millimolar (mM) range, the dimensions of the chemiresistor area plays a less important role since 
the change of resistivity per unit area will remain roughly the same. In such cases, having a 
chemiresistive bridge with minimum thickness and large surface area is desirable for enhancing 
the sensing performances. Since the detection limit of the developed sensors are on the 
millimolar range, the sensor dimension need not be further reduced. However, in the new design, 
the sensing area was made smaller to better control the amount of nanowires grown to ensure 
that thin and high porosity polyaniline nanowire network is formed across the electrodes. 
The image for the new device is shown in Figure 0.1(a) where each device contains two 
sensing components (Sensor 1 and Sensor 2). Figure 0.1(b) shows the magnified image of the 
electrode area (circled part in Figure 0.1(a)) where polyaniline is to be grown. The electrode gap 
is 10 µm and the width of the electrode is 50 µm.  A passivation layer was coated on top of the 
electrode leaving a window of opening with a dimension of 200 µm × 100 µm at the electrode 
gap so that polyaniline can be grown in that area.  
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(a) (b) 
  
(c) (d) 
Figure 0.1. New device design showing (a) the image of the device containing two sensing 
elements (scale bar: 5 mm); (b) the electrode gap with passivation layer (scale bar: 200 µm); (c) 
the synthesis of polyaniline nanowire network to bridge the electrode gap (scale bar: 5 mm), and 
(d) the deposition of the catalysts (scale bar: 5 mm). In this image, copper oxide (CuO) is 
deposited on polyaniline. 
After the device fabrication, polyaniline was potentiostatically grown at the unpassivated 
electrode area from a solution containing 0.1 M aniline in 1 M H2SO4 at a constant potential of 
0.8 V vs. Ag/AgCl until a total charge of 0.25 mC has passed through the working electrodes. 
Figure 0.1(c) shows that polyaniline was grown at the electrode gap to bridge the two electrodes. 
After polyaniline synthesis, several drops of nanoparticle dispersion were deposited on top of the 
polyaniline as shown in Figure 0.1(d). The nanoparticle dispersions were prepared by adding 1 
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mg/ml of select nanoparticles in deionized water and treating with ultrasonication for 3 hours. 
Since dispersion of silver nanoparticles in water was difficult, 0.1 mg/ml of sodium dodecyl 
sulfate (SDS) was added to facilitate the dispersion. 
6.4. Selecting the Proper Catalysts and Analyte for Multiple Species Detection 
In this section, the goal is to search for several types of nanoparticles that can potentially be 
used as catalysts on polyaniline nanowires for selective detection of certain analytes. In 
connection with applications in biosensing, there have been many publications in recent years 
that report the use of catalytic nanoparticles for selective electrochemical detection of 
biologically relevant chemical species such as glucose, ascorbic acid, dopamine, and uric acid. 
Zhang and co-workers have used nickel oxide (NiO)-modified multi-walled carbon nanotubes 
(MWCNT) as a nano-composite electrode for amperometric detection of glucose [150]. A 
similar approaches have been taken by two other groups in glucose sensing except they have 
used copper oxide (CuO) instead of NiO to modify the MWCNT electrode [151], [152]. 
Kalakodimi and Nookala have implemented a polyaniline-coated nickel for the electro-oxidative 
detection of ascorbic acid (AA) [153]. Luo and co-workers have modified the gate surface of the 
ion-sensitive field-effect transistor (ISFET) with manganese dioxide (MnO2) nanoparticles which 
generated a local pH change upon exposure to AA [154]. Tashkhourian and co-workers have 
used silver nanoparticles modified MWCNT paste electrode for simultaneous detection of AA 
and dopamine (DA) [155]. 
In this work, several nanoparticles were chosen as candidates to be used as catalysts for the 
polyaniline-based sensor array. Each nanoparticles were tested with various analytes to observe 
catalytic responses. Table 0.1 summarizes the nanoparticles and the analytes that were tested in 
this study. 
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Table 0.1. The potential nanoparticles and analyte under study. 
Nanoparticles Analyte 
Ag, CuO, Mn2O3 AA, DA, H2O2 
To observe the diversity and variations in the sensor responses, the polyaniline nanowire-based 
chemiresistor was modified with each catalysts listed in Table 0.1 and was exposed to 10 mM of 
each analyte in the table. For all experiments, the bias potential VB and the differential voltage 
VD were set to 0.1 V vs. Ag/AgCl and 50 mV, respectively. Figure 0.2 shows the summary of the 
conduction current responses from each sensors. Figure 0.2(a) shows that all sensing elements, 
with the exception of the Ag-modified sensor, responds to AA by increasing their conduction 
current. This is in part due to the lowing of the pH of the sample solution caused by the addition 
of AA (adding 10 mM of AA in pH 5 lowers the pH to 3.92).  The difference in the current 
amplitude among the sensors, for example, between the CuO-modified and the blank sensors, is 
expected to be caused by the catalytic activity that is unique to the each sensing element. The 
Ag-modified sensor did not experience much current rise probably due to the improved 
conductivity by the attachment of highly conductive silver nanoparticles. Therefore, the effect of 
the pH change will have less influence on its overall conductivity. Figure 6(b) shows that the 
sensor response to DA is distinct only for the sensor functionalized with Mn2O3 nanoparticles 
where the measured current is reduced upon exposure to DA. The response for all other sensors 
increase in a positive direction and it is likely due to the minor pH change of the sample solution. 
In figure 6(c), the three sensing components modified with the nanoparticles give negative 
responses with varying degrees when exposed to H2O2, whereas the pure polyaniline-based 
(blank) sensor shows a minimal response. This is indicative of the presence of cross-reactivity 
between the sensors that show similar responses. Based on the results shown in Figure 0.2, it can 
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be concluded that the three nanoparticles under study (i.e. Mn2O3, CuO, and Ag) all possess 
catalytic activity of various strength with one or more target analyte, and that they demonstrate 
reasonable selectivity and sensitivity toward the target species. 
  
(a) (b) 
 
(c) 
Figure 0.2. Current responses from each sensor modified with no catalyst (blank), manganese 
oxide (Mn2O3), copper oxide (CuO), and silver (Ag) nanoparticles after exposing the sensor to 
10 mM of (a) ascorbic acid; (b) dopamine, and (c) hydrogen peroxide.  
 Due to the cross-reactive nature of the sensors, each analyte triggers current responses from 
not only one sensing component but from multiple sensing elements in the array. Figure 0.3 
summarizes the changes in the conduction current of each sensing element, normalized to the 
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initial reference current, for a given analyte in a set of bar graphs. It is interesting to note that, 
while in Figure 0.3(a) and (c), the responses from the four sensing elements, although different in 
magnitude, are in the same direction such as positive change for Figure 0.3(a) and negative 
change for Figure 0.3(c). However in Figure 0.3(b), three sensors (i.e. Blank, CuO, Ag) respond 
in the positive direction while one (Mn2O3) undergoes a negative current change. This variation 
in the polarity of the responses can be beneficial in further enhancing the selectivity of the sensor 
array.  
   
(a) (b) (c) 
Figure 0.3. Bar graph showing the conduction current changes of each sensing element caused by 
exposure to 10 mM of (a) ascorbic acid; (b) dopamine, and (c) hydrogen peroxide.  
6.5. Calibration Curves 
The plots shown in Section 6.3 confirms that the addition of specific nanoparticles causes 
each polyaniline-based sensing elements to respond differently to a given analyte. Now that the 
type of catalysts (i.e. None, Mn2O3, CuO, and Ag) and the target analyte (i.e. AA, DA, and 
H2O2) have been selected, it is desirable to define a measureable concentration range of each 
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analyte. A calibration curve plotting the current response versus concentration will provide the 
range of concentration that can be measured as well as other information such as the limit of 
detection (LOD) and sensitivity. The calibration curve for each analyte was obtained by 
measuring the sensor response with varying concentrations of the analyte. The sensor signals 
were first stabilized for 30 minutes before the samples were injected. The measurements were 
taken 2 minutes after sample injection. The voltage parameters remained the same as before (i.e. 
VB = 0.1 V vs. Ag/AgCl, VD = 50 mV). 
6.5.1. Ascorbic Acid 
Ascorbic Acid (AA) is commonly detected biochemical species that is critical in human 
physiology, particularly in immune system, and plays a crucial role in metabolic process and 
redox reactions [156]. It is also widely used as an antioxidant in food industry [157]. Therefore 
the detection of AA in a suitable manner is an important task. AA is generally detected by 
electrochemical methods however, accurate measurement of AA can be challenging if there are 
interfering species with similar oxidation potentials such as dopamine, uric acid or glucose. 
Hence, accurate sensing of AA in the presence of other common interfering species is the topic 
of great interest. 
Among the catalysts that were tested in Section 6.3, CuO were shown to be the most 
responsive to AA. A possible chemical reaction that may be occurring at the surfaces of the 
nanoparticles are [158]: 
C6H8O6 → C6H6O6  +  2H
+
  +  2e
-
 (1) 
(AA)  (DAA)  
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where DAA stands for dehydroascorbic acid. Since more protons are produced as a result of the 
catalytic oxidation of AA, the conductivity of polyaniline nanowire network is expected to 
increase as the catalysis occurs at vicinity of the nanoparticles. 
Figure 0.4 shows the current response of each sensing element under a given concentration 
of AA. The steady state current values for the blank and the CuO-modified sensors increase 
proportionally as the concentration is increased, and the response saturates beyond 5 mM of AA. 
However, Mn2O3-functionalized sensor responds differently from the other sensing elements. For 
  
(a) (b) 
  
(c) (d) 
Figure 0.4. The current response of the four sensing components when exposed to (a) 1 mM; (b) 
2 mM; (c) 5 mM, and (d) 10 mM of ascorbic acid. Sample injection time was t = 60 s. 
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the case of 1 mM of AA in Figure 0.4(a), the current drops to about 90% of the initial current 
(IO). As the concentration increases in Figure 0.4(b) and (c), the initial current drop is followed 
by a gradual current increase to above IO. There seem to be two competing reactions involved in 
the Mn2O3-modified sensor: on the one hand, the catalytic reaction between Mn2O3 and AA may 
be generating byproducts that decrease the conductivity of polyaniline. On the other hand, due to 
the lowering of pH by the acidity of AA, the conductivity of polyaniline is increased upon 
exposure to a larger quantity of AA (above 5 mM). Based on the plots in Figure 0.4, a calibration 
curve can be obtained for AA with concentrations ranging from 1 mM to 10 mM as shown in 
Figure 0.5. The measurements from the sensors were taken 2 minutes after the sample injection. 
Since the blank polyaniline, the CuO-functionalized, and the Ag-functionalized sensors all seem 
to have a negligible differences in the response for AA concentrations greater than 5 mM, the 
measureable range for AA is defined to be between 0 and 5 mM. 
 
Figure 0.5. Calibration curve for ascorbic acid detection using polyaniline nanowires 
functionalized with various types of catalytic nanoparticles. The data points were measured at 2 
mins after sample injection. 
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6.5.2. Dopamine 
Dopamine (DA) is a neurotransmitter in both the central and the peripheral nervous system, 
and is known to be linked to many neurological disorders such as schizophrenia, epilepsy, and 
Parkinson’s disease [159]. The ability to measure accurate concentrations of DA can therefore be 
potentially beneficial for diagnosis, therapeutics and evaluation of various mental disorders 
[160]. DA is commonly detected using electrochemical methods however, the main difficulty 
with DA sensing is that other interfering species, such as ascorbic acid and uric acid, are 
generally much higher in concentration by up to several orders of magnitude than that of DA. 
Therefore, there is a need to develop a sensor that gives accurate readings of DA concentration in 
the biological samples without the interference of other chemical species. 
Figure 0.6 shows a typical current response from each sensing element under a given 
concentration of DA. It is evident from the graph that Mn2O3-functionalized sensor is dominant 
in terms of the magnitude of the response. As mentioned in the previous section, while the other 
three sensors respond in a positive direction (for example in Figure 0.6(d)), the current reading 
for the Mn2O3-modified sensor drops in a negative direction. This suggests that a unique 
catalytic reaction is occurring only on the surfaces of Mn2O3 nanoparticles and not on others. 
Based on the plots in Figure 0.6, a calibration curve can be obtained for DA with 
concentrations ranging from 1 mM to 10 mM as shown in Figure 0.7. The data points for the 
measurements from the sensor components were taken 2 minutes after the sample injection in 
order to ensure that steady state current was achieved. The calibration curve shows that for 
blank, CuO, and Ag modified sensors, the current response is negligible or slightly increasing, 
but shows a dramatic decrease in current for the Mn2O3 modified sensor. 
 
92 
 
 
 
  
(a) (b) 
  
(c) (d) 
Figure 0.6. The current response for the sensing elements when exposed to (a) 1 mM; (b) 2 mM; 
(c) 5 mM, and (d) 10 mM of dopamine. Sample injection time was t = 60 s. 
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Figure 0.7. Calibration curve for dopamine detection using polyaniline nanowires with various 
functionalization of catalytic nanoparticles. The measurements were read at 2 mins after sample 
injection. 
6.5.3. Hydrogen Peroxide 
The importance of hydrogen peroxide (H2O2) detection in biology and physiological 
applications has been described previously in section 5.5 and, as a demonstration, silver 
nanoparticles (AgNPs) were used as catalysts to amplify the signal response from polyaniline 
nanowires. Although AgNPs were successful in enhancing the selectivity of the H2O2 sensor, 
other nanoparticles that were chosen in this chapter (i.e. Mn2O3, CuO) were also tested with 
H2O2 to examine whether the selectivity toward H2O2 can be further improved. Figure 0.8 shows 
the response from the four sensing elements when exposed to the given concentration of H2O2. 
The most notable signal change is from the CuO-modified sensor where the change in current 
value is somewhat proportional to the concentration of H2O2. The Mn2O3 and Ag-based sensors 
seem to have a weaker response, with Mn2O3-based sensor having a slightly larger change, but 
nevertheless do differentiate themselves from the unmodified blank sensor.  
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(a) (b) 
  
(c) (d) 
Figure 0.8. The current response from each sensing element when the sensor array is exposed to 
(a) 1 mM; (b) 2 mM; (c) 5 mM, and (d) 10 mM of H2O2. Sample injection time was t = 60 s. 
Based on the graphs in Figure 0.8, a calibration curve of H2O2 sensing from the four 
sensing elements can be obtained, as shown in Figure 0.9. As previously noted, the data points in 
the calibration curve were obtained by stabilizing current for 2 minutes after the sample injection 
to ensure that steady state value was achieved. 
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Figure 0.9. Calibration curve for H2O2 sensing with polyaniline nanowires modified with various 
catalytic nanoparticles. The sensor measurements were taken after 2 mins from sample injection. 
A possible catalytic reaction mechanism for H2O2 that results in the decreasing of the 
conductance of polyaniline has been suggested in section 5.5.2. For H2O2 detection, all three 
catalyst-modified sensors respond to the analyte in a similar trend  with the only difference being 
the magnitude of the current change. Therefore the CuO-modified sensor alone seems to be 
sufficient in determining the analyte concentration. In this case, all other signals from the 
remaining sensing elements can be considered as giving redundant information. However, it will 
be shown in the later section that in the case where the sample contains a mixture of H2O2 and 
another analyte, for instance, ascorbic acid or dopamine, the signals obtained from the four 
sensing elements will show different trends, providing the information needed to differentiate 
one analyte from the other.  
The following sections discuss a statistical technique to analyze the signals in order to 
identify the sample composition. Multi-analyte detection can be divided into two categories: 
classification and quantification. Classification is only concerned with identifying the type of 
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analyte present in the sample, whereas quantification also requires estimating the quantitative 
information about a given analyte such as concentration. 
6.6. Classification of Target Analyte 
Based on the preliminary data from the previous sections, an algorithm is to be designed 
such that an unknown sample containing one of the three possible species, i.e. AA, DA and 
H2O2, can be identified. For simplicity, a sample solution is assumed to contain 10 mM of only 
one of the three target analyte. For this study, a Principal Component Analysis (PCA) method, 
which is one of the most widely used method in sensor arrays for analyte classification, is 
investigated to test its feasibility for this application.  
6.6.1. Principal Component Analysis 
Many recently developed sensor arrays, especially for volatile organic compound (VOC) 
detection [161], [162] or qualitative analysis of beverages [163], [164], the array comprises a 
large number of sensing elements resulting in a large data set for processing and analysis. 
Therefore, a systematic method to handle and interpret a large volume of data in order to extract 
meaningful information and to make proper prediction from the data is necessary. Multivariate 
analysis methods (MVA) is the field of studies that use various mathematical tools such as 
statistical analysis and linear algebra to analyze multi-dimensional data set [165]. Hence, MVA 
techniques can be useful in identifying and quantifying the analyte in the mixture of unknown 
substances. Some of the most commonly used MVA methods in chemical sensor arrays include 
Linear Discriminant Analysis (LDA) [147], Principal Component Analysis (PCA) [149], Partial 
Least Squares (PLS), Cluster Analysis (CA), and Artificial Neural Networks (ANN) [166]. 
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In a typical multi-dimensional sensor arrays with many sensing elements, it is often difficult 
to extract only the useful information from a large data set since a significant portion of that raw 
data contains redundant or unnecessary information embedded in it. Therefore, reducing the 
dimensionality of the sensor array in a way that filters out the redundancy can greatly simplify 
the problem at hand. Moreover, visualization of the data using graphical methods such as 
‘mapping’ of the data points on a 2-dimensional or 3-dimensional space is not possible if the 
number of sensing elements exceeds three.  
Principal Component Analysis (PCA) is the most fundamental and commonly used method 
in reducing the dimensionality of the multivariate data into a simplified, lower dimensional 
representation. PCA is based on the linear transformation of the response variables (i.e. the 
signals measured from the individual sensing elements) into a set of new vectors called principal 
components (PC). The PCs are defined in a way that they are mutually orthogonal meaning that 
they are mutually uncorrelated, or independent. Furthermore, the PCs are arranged in the order of 
significance so that the first PC accounts for the largest variation in the data set. The second PC, 
which is orthogonal to (and therefore independent from) the first PC, is defined in the direction 
that picks up the second largest variation in the data. The remaining PCs can be defined 
accordingly until the number of PCs matches the number of the sensors. Generally however, the 
first few PCs are sufficient to adequately represent the raw data set (with a minimum loss of 
information), therefore only the first two or three PCs are selected for analysis and the remaining 
PCs, which are less important or contain redundant information, can be discarded. In summary, 
PCA procedure can reduce the dimensionality of the data collected by the sensor array and 
condense it into lower dimensional orthogonal vectors with minimal loss of meaningful 
information. 
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6.6.2. Classification of Ascorbic Acid, Dopamine, and Hydrogen Peroxide using PCA 
The first step in applying the PCA method is to derive the principal components (PCs) from 
a set of data points which were experimentally obtained, also referred to as the training data set. 
The PCA procedure will define the PCs in such a way that they will maximize the variance 
within the training data samples. Once the PCs are defined, any new measurements that are 
obtained from the sensor array will be mapped onto the new principal component domain in 
order to identify which class of analyte the sample belongs to. The following table shows a set of 
data that is used to derive or to train the principal component vectors. 
Table 0.2. The training data sets for deriving the principal component 
vectors. Each value indicates ΔI/IO. 
Analyte 
Concentration 
(mM) 
Blank Mn2O3 CuO Ag 
AA 1 0.322 -0.095 0.351 0.118 
AA 2 0.605 -0.091 0.747 0.072 
AA 5 0.577 0.218 1.049 0.100 
AA 10 0.495 0.735 1.019 0.060 
DA 1 0.039 -0.182 0.022 0.004 
DA 2 0.067 -0.337 0.049 0.000 
DA 5 0.077 -0.414 0.099 0.010 
DA 10 0.155 -0.592 0.223 0.072 
H2O2 1 -0.007 -0.062 -0.057 -0.015 
H2O2 2 -0.006 -0.112 -0.133 -0.035 
H2O2 5 0.003 -0.179 -0.274 -0.051 
H2O2 10 0.017 -0.188 -0.408 -0.105 
The training data set is generally represented in a matrix format, where the number of rows 
indicate the number of samples (observations) and the columns indicate the number of variables 
(or the number of sensing elements). Using the data presented in Table 0.2, the following data 
matrix X with the dimensions 12 × 4 can be constructed. 
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The PCA algorithm on matrix X was executed using MATLAB
®
 software, which generates a 
score matrix T and a loading matrix P such that 
       
where the P’ indicates a transpose of the matrix P. In essence, the matrix P’ is a coordinate 
transformation matrix that relates the matrix X to the new coordinate matrix T. Therefore the 
rows of the matrix T are the coordinates of each sample of X in the transformed coordinate space 
where the principal components are the basis vectors. In other words, T is the representation of X 
in the principal component space, and the columns of the matrix P are the principal component 
vectors. The columns of P are arranged in a way such that 
Var(PC1) > Var(PC2) > Var(PC3) > Var(PC4). 
Since the first column of T is the coordinate corresponding to PC1, it contains the most 
information about the variance of the data set. The values of matrices T and P are shown below. 
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0.165 -0.076 0.046 0.082 
0.592 -0.272 0.137 -0.017 
0.964 -0.104 -0.011 -0.017 
1.130 0.393 -0.051 -0.006 
-0.257 0.044 -0.054 0.006 
-0.293 -0.109 -0.045 -0.017 
-0.281 -0.200 -0.061 -0.022 
-0.223 -0.431 -0.058 0.003 
-0.288 0.193 -0.055 0.010 
-0.372 0.178 -0.021 -0.001 
-0.514 0.170 0.047 0.004 
-0.625 0.215 0.124 -0.025 
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As mentioned earlier, the PCs are arranged in the order of descending component variance. For 
example, PC1 is aligned in the direction with the maximum variance, PC2 in a second largest 
variance, and so on. The pca(X) function in MATLAB
®
 also provides the variance information 
for each component which is summarized in Table 0.3. 
Table 0.3. The proportional variance and the cumulative variance for each 
principal component. 
 PC1 PC2 PC3 PC4 
Proportion of variance 0.84339 0.14180 0.01280 0.00201 
Cumulative variance 0.84339 0.98519 0.99800 1.00000 
 
The table shows that over 98.5% of the data variation in the set X is accounted for by the first 
two principal components (i.e. PC1 and PC2) and therefore, these two vectors can be adequately 
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describe the data in X without significant loss of information. It is also evident from the table that 
the combined contributions from PC3 and PC4 account for less than 0.5 % of the data variation in 
X. 
Using the first two PCs as basis vectors, the data points in X can be plotted on a 2-
dimensional space by taking the first and the second columns of the matrix T as the first and the 
second coordinates in the reduced dimensional space, respectively. Figure 0.10 shows the 2-D 
mapping of the 12 data points in the matrix X used for deriving the principal components. The 
dotted line divides the 2-dimensional space into 3 regions onto which each analyte is mapped. 
 
Figure 0.10. Two-dimensional mapping of the data matrix X using PC1 (variance = 84.34 %) and 
PC2 (variance = 14.18 %). The numbers next to the data points indicate the concentrations of the 
analyte in mM. The data points for AA, DA, and H2O2 are indicated in red, blue, and black, 
respectively. 
 The mapping of DA and H2O2 shows some directional trend with respect to the 
concentration. For  DA case, PC2 decreases as concentration increases while PC1 remains more 
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or less the same. H2O2 shows greater variation in the PC1 direction, with decreasing PC1 
component as concentration increases. Therefore mapping of data points to the principal 
component domain seems to depend on the concentration of the analyte. The quantification of 
analyte will be further discussed in section 6.7. For classification of the mixed species where two 
or more target analyte are present in the sample solution, the similar approach can be taken to 
map the mixed species onto the 2-dimensional space. The following measurements shown in 
Table 0.4 were obtained for the mixture of analytes. 
Table 0.4. Responses from the sensor array upon exposure 
to a mixture of analytes. 
Concentration (mM) 
Blank Mn2O3 CuO Ag 
AA DA H2O2 
1 10  0.417 -0.152 0.671 0.267 
2 10  0.702 0.094 0.911 0.386 
5 10  0.884 0.494 1.985 0.215 
1  10 0.189 0.016 -0.657 -0.081 
2  10 0.331 -0.091 -0.411 0.018 
5  10 0.543 0.008 0.019 0.150 
 10 5 0.161 -0.591 -0.276 0.077 
 5 10 0.102 -0.352 -0.456 0.002 
 10 10 0.150 -0.537 -0.405 0.024 
 
The data in Table 0.4 was combined with that in Table 0.2 as the new training data set (matrix X) 
to re-evaluate the principal components, and each data point in X was plotted on the new 2-
dimensional space defined by the first two principal components as illustrated in Figure 0.11. 
Similarly to the previous case in Figure 0.10, the first two principal components in Figure 0.11 
give the cumulative variance of over 67%, meaning that minimal information is lost due to the 
discarding of the third and the fourth PCs. Although some mixtures such as DA + H2O2 give 
unique mapping which does not overlap with regions occupied with other types of analyte, 
certain mixtures of analyte can create overlapping, one example being the overlap between AA 
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and AA + DA as shown in Figure 0.11. It is also conceivable that increasing the concentrations 
of certain analyte beyond the measurable range may further impair the classification ability of 
this technique. 
 
Figure 0.11. Two-dimensional mapping of the data in Table 0.2 and Table 0.4 using PC1 
(variance = 87.51 %) and PC2 (variance = 8.54 %). The data points are grouped together and 
color-coded according to the types of analyte, i.e. AA, DA, H2O2, and the mixtures thereof. 
6.7. Quantitative Analysis of Multiple Target Species 
In the previous section, PCA method was used to classify the analyte in the sample solution 
using the 2-dimensional (2-D) mapping without considering the concentration of each analyte. In 
this section, a PCA-based 2-D mapping technique is further investigated to determine whether 
quantitative information can be obtained from the map. Although PCA is primarily done for 
classification purposes, it has been reported that it can also be used to extract some level of 
quantitative information [167]. To simplify the analysis, detection and quantification of a 
mixture of two analyte is examined. 
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As illustrated in Figure 2.1Figure 0.10, the responses of dopamine (DA) and hydrogen 
peroxide (H2O2) show a visible trend, although not linear, as concentrations are varied. Hence, a 
mixture of DA and H2O2 is first considered. In addition to the data set shown in Table 0.2 and 
Table 0.4, a few more combinations of concentrations for the DA and H2O2 were tested and 
included into the PCA algorithm. Table 0.5 summarizes all the tested concentrations and the 
measured responses from the sensor array for the quantification of DA and H2O2. 
Table 0.5. Various combinations of concentrations for DA and H2O2 and 
the resulting sensor responses. 
Concentration (mM) 
Blank Mn2O3 CuO Ag 
DA H2O2 
2 10 0.037 -0.261 -0.543 -0.011 
5 10 0.102 -0.352 -0.456 0.002 
10 5 0.161 -0.591 -0.276 0.077 
10 2 0.160 -0.332 -0.097 0.064 
10 10 0.150 -0.537 -0.405 0.024 
The PCA algorithm was performed on the entire data set including Table 0.2, Table 0.4, and 
Table 0.5, and each data point from the set was transformed onto the 2-dimensional domain as 
previously described. Figure 0.12 shows only the plot for DA and H2O2 measurement for closer 
examination of these two analyte. The numbers in the graph indicate the concentrations of the 
analyte in mM. The plot reveals that the data points for the mixture of two analyte (marked with 
green) are mapped onto the region that lies in between the two areas occupied by the single 
analyte (either DA or H2O2) mapping, shown in blue for DA and black for H2O2. One can 
observe that the data point approaches closer to either DA only region or the H2O2 only region 
depending on the composition of the sample. For instance, the data points for (2, 10) and (10, 2) 
are positioned close to the data points for 10 mM of H2O2 and 10 mM of DA, respectively, 
whereas (10, 10) are located approximately equidistant from the two groups (i.e. the black and 
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the blue data points). Although the data mapping is not perfectly linear and seems to contain 
some degree of distortion, this result does demonstrate the possibility for quantitative analysis of 
analyte using this technique. 
 
Figure 0.12. Two-dimensional mapping of a mixture of two analyte: dopamine (DA) and 
hydrogen peroxide (H2O2). The concentration is marked with the number next to each data point. 
The numbers inside the bracket indicate the concentration of DA and H2O2 in mM, respectively. 
 Similar approach can be taken for the mapping of the other two cases of the mixed 
analyte: ascorbic acid (AA) mixed with DA, and AA mixed with H2O2. Figure 0.13 shows the 
mapping of the entire data set under study. As can be seen from the graph, the bottom left corner 
of the plot covering the black, blue and green data points is identical to Figure 0.12. The data 
points for (AA, H2O2) combination is mapped on the top left corner of the graph (marked in 
orange) whereas the (AA, DA) combination is located on the bottom right corner of the plot 
(marked in purple). The results show that as the concentration of AA is increased, the position of 
the (AA, H2O2) data moves in the bottom right direction where pure AA sample points are 
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located. For the case of (AA, DA) couple, an increased concentration of AA leads to the shifting 
of data to the right due to the contribution from both DA and AA. 
 
Figure 0.13. Quantification of the mixture of two species: (AA, DA), (DA, H2O2), and (AA, 
H2O2). The numbers in the bracket indicate the concentration of each species of the mixture in 
their respective order. 
6.8. Discussion 
Since the sensing elements in the array are relatively closely positioned (with a distance 
between the two neighboring sensing elements being approximately 4 mm), there is a possibility 
that some catalytic byproducts produced from one sensing element could migrate to the adjacent 
sensor to affect its response. This apparent “cross-talk” among the sensing elements could 
potentially generate adverse effect on the sensing performances. To minimize this cross-talk, the 
diffusion of the byproducts must be minimized. One possible solution would be to implement a 
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multi-channel microfluidic system which separates the fluid that each sensor is exposed to, 
thereby avoiding the interference caused by the mixing of the byproducts from different sensing 
components. 
As the dimensions of each sensing element are further reduced, for example down to the 
nanoscale, the dynamics for the diffusion of species in the solution is much different from that in 
macroscale. In a nanoscale environment, the rate of diffusion of species is much faster which 
means that any byproducts generated by the catalytic reaction will immediately diffuse out 
rendering it difficult to establish a local  pH gradient. Therefore, in order to develop a highly 
sensitive nanoscale catalyst-based chemical sensor, a method to capture the pH-altering 
byproducts near the polyaniline nanowires and to prevent them from diffusing away from the 
sensing area is needed.  
Although the PCA-based quantitative analysis shows some promising results, at this point 
the ability to obtain quantitative information about multiple analyte from the two-dimensional 
mapping and from pattern recognition is limited for the following reasons. First, the data points 
mapped on Figure 0.13 do not always show a clear trend especially when different species are 
mixed together. This could be in part due to the instability or the lack of reproducibility of the 
polyaniline-based chemiresistor. Another  possible source of measurement uncertainty is the 
inconsistency in the number of catalysts that are deposited on each sensor component. It was 
observed that some catalysts such as Mn2O3 were consumed as a result of the catalysis which 
lead to the decrease in the catalytic activity. Another point to note is that PCA is based on a 
linear transformation method of the data matrix and therefore works under the assumption that 
the data obtained from each sensing component behaves in a linear fashion. In other words, PCA 
will be most accurate if each sensing component has a linear calibration curve. As described in 
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section 6.5, not all calibration curves of the developed sensor array were linear which may have 
contributed to the nonlinearity of the patterns in the data mapping. 
As the number of analytes in the sample increases, more complex algorithm will be 
necessary to analyze the data. Possible alternatives to the linear techniques such as PCA for 
dealing with complex nonlinear data set is to use artificial neural networks (ANN) or cluster 
analysis (CA) [168]. These techniques are not based on statistical methods but can be used to 
model nonlinearity that may exist in the data by optimizing the parameters in the algorithm with 
a large number of training data set. 
6.9.  Conclusions 
In this chapter, a simultaneous multi-analyte detection was implemented and characterized 
by utilizing a chemiresistive sensor array based on polyaniline nanowires. Various types of 
catalysts were incorporated into the sensing area to promote selectivity and cross-reactivity of 
the chemical species. Ascorbic acid, dopamine, and hydrogen peroxide were selected as the 
target analyte, and the sensor array comprising four sensing elements was used to identify the 
solution composition. Classification of the analyte was performed using the principal component 
analysis (PCA) technique which was effective in reducing the dimensionality of the data space as 
well as in maximizing the separation of the data samples. PCA method was further expanded for 
quantification of multi-analyte samples. While some level of quantification can be done by the 
mapping of data points on two-dimensional space and pattern recognition, full quantification is 
premature at this point and needs further investigation and development of the technique. For 
accurate quantification, the chemiresistor must be better optimized to provide reliable signal 
responses while more advanced multivariate algorithm such as artificial neural network is to be 
employed for handling large number of analytes with nonlinear data set. 
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7. Conclusions and Future Work 
7.1. Summary 
The main objective of this work is the development of a chemiresistive sensor array for 
multi-analyte detection based on conducting polymer nanowires. Among the family of 
conducting polymers, polyaniline nanowires have many advantages for chemiresistive sensing 
applications such as large conductivity change, easy synthesis and environmental stability. 
However, the two most critical limitations associated with polyaniline-based chemiresistive 
sensors are the lack of reproducibility and the lack of chemical selectivity in sensing. To 
overcome such limitations, this work was done to suggest possible solutions for these problems. 
This work also demonstrates the possibility of a polyaniline-based sensor array that is capable of 
multiple species detection.  The following is the summary of the three main contributions from 
this thesis: 
1. Development of the self-calibration mechanism of the polyaniline-based chemiresistive 
sensor for reproducible measurements with minimum hysteresis. 
2. Selective detection of chemical species by modifying the polyaniline nanowires with metal- 
and oxide-based nanoparticles to induce catalytic reactions that cause resistivity change in 
polyaniline. 
3. Implementation and characterization of a polyaniline-based chemiresistive sensor array for 
simultaneous detection of multiple species. 
In the following subsections, the achievements and conclusions from each chapter are given in 
detail. 
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7.1.1. Polyaniline Nanowire Fabrication and Characterization 
In chapter 3, the growth condition for producing one-dimensional polyaniline nanowires 
using an electrochemical synthesis method was investigated. In order to synthesize polyaniline 
nanowires, fast polymerization rate is required. Therefore, a potentiostatic growth method, which 
promotes fast polymerization rate, was chosen in this research. If the monomer concentration 
was too high, larger diameter fibers were formed. On the other hand, if the monomer 
concentration was too low, the rate of polymerization was reduced preventing the formation of 
elongated nanowires. 
The electrochemical potential vs. the conduction current relationship of polyaniline 
nanowires showed a bell-shaped curve with maximum conduction current occurring at 
approximately half-oxidized state. As the pH of the environment increased, the maximum 
conductivity was reduced and, at the same time, the potential window within which the 
polyaniline exhibited conductivity was also narrowed. 
The hysteresis in the conductivity was characterized by sweeping the potential in the 
positive and negative direction which resulted in different I-V curves depending on the direction 
of the sweep which suggested that the conductivity of polyaniline is highly dependent upon the 
previous redox state of the polymer.  
The conductivity degradation was also examined by repeatedly sweeping the potential and 
measuring the maximum conductivity for each sweep cycle. As the potential is repeatedly 
cycled, conductivity degradation became apparent. Possible causes for this degradation are 
structural damages of the polymer, irreversible oxidation, and hydrolysis of the polymer. 
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7.1.2. Self-Calibration of the Polyaniline-Based Chemiresistive Sensor 
Due to the inherent hysteresis and degradation problem associated with the nature of 
polyaniline, obtaining repeatable sensing measurements from a polyaniline-based chemiresistor 
had been a challenge. Therefore in chapter 4, new a strategy to produce a repeatable and low-
hysteresis current response from the sensor was investigated and proposed. In a self-calibration 
technique, two approaches were suggested: one is measuring the rate of peak current decay over 
repeated potential cycling, and the other is measuring the position of the second redox potential 
of the cyclic voltammetry which is pH-dependent. 
Utilizing the ratio of the peak currents of the consecutive potential cycling turned out to be 
effective only in weak acid solutions (pH > 4) since the decay of the peak conduction current 
was not significant in the strong acidic environment. On the contrary, making use of the potential 
for the second redox couple in the CV curve was effective only in low pH environment (pH < 4) 
since the second redox couple is virtually nonexistent in high pH environment. Therefore the 
operating regions for the two self-calibration mechanisms complement each other, and therefore 
the combination of the two methods can provide a wider detection range. 
7.1.3. Selective Detection of the Chemical Species with the Use of Catalysts 
To solve the lack of selectivity issue with polyaniline nanowire-based chemiresistors, a 
novel concept of catalyst-assisted selective detection of chemicals has been suggested. It was 
proposed that the catalytic reaction between the target species and the catalysts could cause a 
local pH change near the polyaniline nanowires which could be detected by measuring the 
resistance change of the nanowire network. To demonstrate this concept, various nanoparticles 
such as silver and iron oxide were used as catalysts for the selective detection of hydrogen 
peroxide. The results confirmed that silver nanoparticles were effective in the selective detection 
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of hydrogen peroxide which generated catalytic activity with the nanoparticles resulting in a 
reduced conduction current of the polyaniline nanowires. It was further demonstrated that the 
rate of the catalysis was proportional to the number of nanoparticles, and given sufficient number 
of catalysts, the reaction rate was dictated by the concentration of the hydrogen peroxide species. 
7.1.4. Polyaniline-based Generic Sensor Array for Multi-Analyte Sensing 
Once it was confirmed from chapter 5 that selectivity can be enhanced by utilizing 
catalysts, a natural extension to this work was to develop an array of polyaniline-based sensing 
elements with each element modified with different types of catalysts to achieve cross-reactive 
sensing.  Three types of catalysts were investigated, namely copper oxide, manganese oxide, and 
silver nanoparticles, whose catalytic reactions were used for the detection of ascorbic acid, 
dopamine, and hydrogen peroxide. A sensor array with four sensing components was tested to 
see whether the responses from each component could be used to detect multiple species 
simultaneously. Principal component analysis (PCA), which is a pattern recognition tool based 
on statistical methods, was adopted to process the data and to visualize the patterns in the 
measured data. PCA is also useful in reducing the dimensionality and removing redundancy in 
the data set especially when the number of analytes is large. The results show that PCA was 
effective in classifying the analyte, whether single species or mixed species. The data set 
obtained from the array of sensors was mapped onto the 2-dimensional space spanned by the first 
two principal components which provided sufficient information about the variance in the data 
set with minimum loss of information. Although PCA is mainly used for classification, to a 
certain extent, quantification can also be done by observing the pattern and the trends in the data 
points on the mapping. However, true quantification of the multi-species analyte was not 
achieved with this technique. Developing a more reliable chemiresistive sensor with a larger 
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array and an advanced nonlinear multivariate algorithm such as artificial neural networks could 
be used to solve this challenge. 
7.2. Future Work 
For future improvements of this research, the following areas could be further investigated 
to advance this concept as a viable choice for future sensing technology. 
7.2.1. Improving the Sensing Performance of the Polyaniline-based Chemiresistor 
Although polyaniline-based chemiresistive sensing shows promising results, presently the 
sensing performance is not impressive. In particular, the limit of detection (LOD) is on the order 
of a millimolar (mM) range. Reducing the LOD down to the micromolar (µM) range could make 
this sensor attractive in many applications. Possible solutions to achieving low LOD include: (1) 
fabrication of a narrower and a thinner polyaniline nanowire network with a more accurate 
current measurement system, (2) increasing the surface area of the catalysts by uniformly 
dispersing the nanoparticles throughout the nanowire network in order to maximize the catalytic 
activity, (3) extending the conductive pH range of polyaniline to the neutral and alkaline pH, and 
(4) developing a catalytic byproduct capturing mechanism to prevent or minimize the pH-
changing species from quickly diffusing away from the polyaniline nanowires.  
7.2.2. Developing Advanced Algorithm for Multi-Analyte Sensing 
Using principal component analysis (PCA) as a pattern recognition algorithm for 
classification and semi-quantification of multiple species, was a first step toward developing a 
generic cross-reactive sensor array. However, for the realization of the true quantification 
capability in multi-analyte sensing, in addition to increasing the number of sensing components 
in the array, a more complex and nonlinear algorithm is necessary. Artificial neural networks and 
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cluster analysis are the two main examples that seem to be promising in this regard. These 
techniques could be used to process a high-dimensional data set containing a large number of 
target species and sensing components. 
7.2.3. Inkjet Printing of Polyaniline Nanowires and Nanoparticles 
Inkjet printing of nanomaterials have recently emerged as a viable alternative to the 
conventional fabrication methods for sensor development especially for disposable sensors. 
Disposable sensors have many advantages especially in biosensors due to their low cost, mass 
producibility, and portability. Inkjet printing can provide an easy solution to develop disposable 
sensors [Tortorich_nanomaterials]. Inkjet printing of polyaniline nanoparticles have been 
previously reported [Crowley_Analyst] however, particles or grains do not form good 
conducting path for electron transport. Therefore, interweaved nanowire network is the desired 
solution for applications in resistive sensing. Inkjet printing can also be used in developing the 
polyaniline-based array sensors where each material can be printed individually. The main 
benefit of this approach in this case is that polyaniline nanowires and the catalysts can be printed 
in the alternating order so that the two materials can be evenly distributed for optimized catalytic 
reaction. Moreover, customization of the array can be done relatively easily by choosing the 
printer cartridge that contains the proper catalysts and by designing the printing pattern to assign 
which sensing elements are printed with the particular catalysts. If proven successful, this 
technology may have potential applications in disposable chemical and biological sensors which 
can easily be printed from home for point-of-care diagnostics. 
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Appendix A: Principal Component Analysis 
A.1. Introduction 
The objective of this appendix is to provide more in-depth theory behind the Principal 
Component Analysis (PCA) technique from both a mathematical as well as a graphical 
perspective. The description of PCA in this appendix is based on [1] and [2]. 
A.2. Mathematical Background 
In mathematical terms, PCA is defined as an orthogonal linear transformation that maps the 
raw data to a new coordinate system such that the greatest variance by the projection of that data 
lies along the first coordinate, called the first principal component. The second largest variance is 
defined along the second coordinate and the process continues until all the principal components 
are defined in a given dimension. Therefore the main goal of the PCA algorithm is to determine 
the linear transformation, or the mapping, that achieves this requirement in terms of the 
directionality of the variances. 
First, let’s consider two m×n matrices X and Y related by a linear transformation P.  
PX = Y 
X is the original data set obtained from n number of observations (i.e. number of sensors in the 
array) and m number of samples (i.e. number of measurements). Y is the representation of X in 
the new coordinate system. We wish to develop a transformation matrix P such that the 
individual variables of Y inherit the maximum possible variance from X. 
In order to maximize the variance in the data set during the coordinate transformation 
process, a covariance matrix is needed. A covariance matrix SX is defined by the following: 
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There are a few important properties about the covariance matrix: 
1. SX is a square symmetric m×m matrix. 
2. The diagonal terms of SX are the variance of the particular measurement variables (e.g., 
sensing element in an array). 
3. The off-diagonal terms of SX are the covariance between measurement variables. 
In order to minimize redundancy in the dataset, we would like each variable to have as little 
correlation as possible with other variables. In other words, the covariance between two separate 
variables must be zero. Therefore, if the redundancy is to be minimized, it is required that the 
off-diagonal terms of the covariance matrix be zero. Here we re-iterate the objective of the PCA 
algorithm: find a transformation matrix P with PX = Y such that SY is diagonalized. Then the 
rows of P are the principal components of X. SY can be re-written in terms of the matrix P: 
   
 
   
    
 
   
          
 
   
       
 
   
         
Note that matrix XX
T
 is a symmetric matrix. It is also well known that a symmetric matrix can 
be diagonalized by an orthogonal matrix consisting of its eigenvectors. 
         
where D is a diagonal matrix with the eigenvalues along the diagonals, and E is a matrix with 
each column being the eigenvectors. Here, we choose the matrix P such that each row of P is an 
eigenvector of XX
T
. Therefore we define P ≡ ET. 
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Therefore substituting the above relation into the equation for the covariance matrix SY, we 
obtain the following: 
   
 
   
         
 
   
          
 
   
          
 
   
  
Note that PP
-1
 = I when P is an orthonormal matrix. Therefore, by choosing the appropriate 
orthonormal matrix P, The covariance matrix SY can be diagonalized. The following summarizes 
the key results from this derivation: 
1. The principal components of the data matrix X are the eigenvectors of XXT or the rows of the 
transformation matrix P. 
2. The variance of the data X along the ith principal component is given by the ith diagonal entry 
of the covariance matrix SY. 
A.3. Graphical Representation 
In this section, a graphical description is given to provide an intuitive illustration of the 
PCA technique. Although the figures are drawn in a 3 dimensional space, it can be assumed that 
the dimension of the data space is arbitrary. 
Consider a set of data points in an m dimensional space as shown in Figure A.1. Defining 
the first principal component: (a) the data obtained from the measurements is plotted on an 
arbitrary dimensional space, and (b) the first principal component vector is defined in a direction 
of maximum variance.Figure A.1(a). The PCA algorithm defines the first principal component 
(PC1) in a direction that maximizes the variance of the data points as depicted in Figure A.1(b). 
Therefore PC1 contains the most information about the distribution of the data set. 
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(a) (b) 
Figure A.1. Defining the first principal component: (a) the data obtained from the measurements 
is plotted on an arbitrary dimensional space, and (b) the first principal component vector is 
defined in a direction of maximum variance. 
Since all the principal component vectors are defined to be mutually orthogonal, PC2 is 
aligned in a direction perpendicular to PC1 while maximizing the variance of the data given the 
restriction on the directionality. This idea is illustrated in Figure A.2. 
 
(a) (b) 
Figure A.2. Defining the second and the third principal component vectors: (a) all the data points 
are projected on to a plane that is perpendicular to PC1, (b) PC2 is defined on the plane in the 
direction of maximum variance. PC3 is fined such that it is perpendicular to both PC1 and PC2. 
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Imagine a plane that is perpendicular to PC1, shown as a blue window in Figure A.2(a). Looking 
directly into the plane along the direction of PC1, the data points may appear similar to that 
shown in Figure A.2(b). Another way to visualize this is to project all data points onto the 
imaginary plane that is perpendicular to PC1. Now, PC2 can be defined on this plane while 
aligning itself in a direction of maximum variance. Finally, PC3 is defined in a direction 
perpendicular to both PC2 and PC1. For an arbitrary n dimensional space, this process of defining 
the principal components can be repeated n times until all the PC base vectors (PC1 to PCn) are 
defined. One important point to note is that the PCs are arranged in the following order: 
Var(PC1) > Var(PC2) > … > Var(PCn) 
Therefore the first few PC vectors contain the majority of the information about the distribution 
of the sample data and by using the reduced number of PC, for example PC1 and PC2, the data 
points can be adequately described without much loss of information. 
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